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Each  transmittal  of  this  document  outside  thi  agencies  of  the 
U.S.  Government  must  have  prior  approval  of  the  Air  Force  Flight 
Dynamics  Laboratory,  V/STOL  Technology  Division  (FDV) ,  Wright- 
Patterson  Air  Force  Base,  Ohio  45433. 


FOREWORD 


The  purpose  of  this  report  is  to  present  a  critical  review  and  summary  of  the  V/STOL  tech¬ 
nology  involved  in  the  development,  component  testing,  ground  testing,  ana  High*  testing 
of  the  X—  1 9  aircraft.  It  is  the  final  report  of  work  accomplished  by  Curtisy-Vv  right  Corporation, 
VTOL  Systems  Division,  located  at  Caldwell,  New  Jersey,  under  Contract  Number 
AF  33(615)-3940.  The  contract  was  administered  under  the  direction  of  Captain  R.  M.  Berg 
and  Mr.  B.  Lindenbaum,  FDV,  Air  Force  Flight  Dynamics  Laboratory ,  (RTD),  Wright-Patterson 
AFB,  Ohio. 

The  following  Curtiss-Wright  Corporation  personnel  made  the  principal  contributions  to  this 
report: 

H.  V.  Borst,  Chief  Engineer  -  Technical  Services 
W,  F.  Meyer,  Chief  of  Structures 

W.  Amatt,  Mechanical  Systems  Group  Leader  -  Structures 
H.  Fluk,  Flight  Loads  Group  Leader  -  Aerodynamics 
J.  H.  Barker,  Stability  and  Control  Group  Leader  -  Aerodynamics 
E.  L.  Hassell,  X  -19  Performance  Group  Leader  -  Aerodynamics 
E.J.Tursich,  Project  Engineer,  P.D.  -  Aerodynamics 

Because  of  the  breadth  of  material  required  to  be  treated  by  the  contract  statement  of  work, 
each  of  the  thirteen  sections  has  been  treated  as  an  entity.  Thus,  each  section  has  its  own 
nomenclature,  text,  figures,  and  references.  In  some  instances,  nomenclature  has  been 
written  into  the  text  for  convenience.  Otherwise,  it  appears  on  the  reverse  side  of  the  section 
divider  page.  The  separation  of  nomenclature  by  section  is  intended  to  prevent  confusion  over 
the  duplicity  c>f  meanings  attached  to  given  symbols  by  the  different  disciplines  treated  in  the 
report. 

It  is  to  be  noted  that  some  of  the  material  contained  in  this  report  is  proprietary  to  Curtiss- 
Wright  and  is  so  stamped.  The  report  is  releasable  only  to  agencies  of  the  United  States 
Government.  Release  of  the  report  to  any  other  organizations  or  individuals  must  have  the 
approval  of  Curtiss-Wright. 


Information  in  this  report  is  embargoed  under  the  Department  of  State  'nternational  Traffic  In 
Arms  Regulations.  This  report,  or  information  extracted  from  it,  may  be  released  to  foreign 
governments  by  departments  or  agencies  of  the  U.  S.  Government  subject  to  approve'  of  The 
A-i  Force  Flight  Dynumics  Laboratory,  or  higher  authority  within  the  Department  of  the  Air 
Force.  Private  individuals  or  firms  require  a  Department  of  State  export  license. 

Publication  of  this  report  does  not  constitute  Air  Force  approval^  the  reports  findings  or  con¬ 
clusions.  It  is  published  only  for  the  exchange  and  stimulaticm  or  ideas. 

<4ildAM  £.  LAMAR^ 

Deputy  Director 

Air  Force  Flight  Dynamics  Laboratory 
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ABSTRACT 


This  report  contains  a  condensed  description  of  the  X-19  V/STOL  TechnoU 
The  broad  categories  discussed,  include  in  Section  I,  a  review  of  the  de¬ 
velopments  leading  up  to  the  X-19  program.-  Sections  II  through  VI  are  de¬ 
voted  entirely  to  the  propellers,  and  the  considerations  involved  in  de¬ 
sign.  The  Radial  Force  principle  is  postulated  in  Section  IT.  Interfer¬ 
ence  effects  on  the  wings  due  to  the  propellers  are  discussed  in  Section 
III,  The  propeller  aerodynamic  design  in  hover  and  cruise  is  presented  in 
Section  IV.  Section  V  is  devoted  to  the  structure  and  control  mechanisms 
of  the  propeller.  Section  VI  relates  to  the  use  of  propellers  as  an  air¬ 
plane  control  device.  The  tandem  wing  principle  is  discussed  in  Section 
VII  covering  stability,  control,  and  drag.  Section  VIII  is  devoted  solely 
to  Ground  Effects.-  The  sizable  wind  tunnel  research  activity  leading  up 
to  the  X-19  is  presented  in  Section  IX.  The  structural  loads  in  hover, 
transition  and  cruise  are  discussed  in  Section  X.  Section  XI  presents  in¬ 
formation  pertinent  to  landing  procedures  in  hover  or  cruise  in  the  event 
of  power  failure.  A  summary  of  the  flight  test  program  is  given  in  Section 
XII,  including  aircraft  and  hardware  performance  characteristics..  Finally, 
Section  XIII  is  devoted  to  a  general  discussion  and  assessment  of  the  air¬ 
craft's  unorthodox  features. 
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SECTION  I 


REVIEW  OF  DEVELOPMENTS  LEADING  TO  THE  X-19  PROGRAM 
U  REPORT  OBJECTIVE 

During  the  time  period  of  1957  to  1966  the  Curtiss-Wright  Corporation 
was  engaged  in  a  major  effort  in  the  development  of  tilt  propeller  VTOL 
Aircraft.  This  work  ceased  after  termination  of  the  flight  test  con¬ 
tract  for  the  X-19  Aircraft.  To  assess  the  program  and  make  available 
rhe  important  technical  results,  an  Air  Foice  Contract  AF33(651)-3940 
was  negotiated  with  Curtiss-Wright,  to  prepare  a  report  covering  the 
major  achievements  of  the  effort.  It  is  the  objective  of  this  report  to 
conduct  a  thorough  assessment  and  to  critically  review  the  positive  as 
well  as  the  negative  results  of  the  X-19  technology  effort. 

2.  BACKGROUND  HISTORY 

The  conventional  propeller  and  turbine  engine  appeared  to  be  a  very  prom¬ 
ising  way  to  obtain  hover  lift  and  high  thrust  performance  in  the  cruise 
flight  condition.  As  propeller  manufacturers,  we  had  the  opportunity  to 
observe  the  difficulty  in  meeting  the  required  take-off  performance  and 
good  cruise  efficiency  requirements  of  VTOL  aircraft.  This  problem  was 
particularly  atv^rent  with  those  companies  developing  the  tilt-wing  and 
deflected  slipstream  types  of  VTOL  aircraft.  The  propeller  manufacturer 
was  consulted  tor  design  information  and  data  long  after  those  aircraft 
configurations  were  frozen,  with  the  result  that  propeller  diameters  were 
too  small  and  disk  loadings  too  high.  At  that  time,  disk  loading  was 
chosen  for  reasons  other  than  wing  stall,  such  as  propeller  spacing, 
weight,  etc. 

Because  a  VTOL  aircraft  depends  on  the  propeller  for  lift  and  control 
during  a  major  portion  of  the  early  low-speed  flight,  it  appeared  that 

a  better  solution  to  the  problem  of  vertical  take-off  and  landing  could 

be  obtained  by  designing  the  aircraft  from  the  propeller  designer's 
point  of  v’ew.;  This  idea  led  to  examination  of  the  propeller  operating 
at  the  full  range  of  shaft  angles  and  the  associated  effects  on  the 
over-all  airplane.  When  the  propeller  was  sized  to  produce  the  required 
level  of  take-off  or  hover  thrust,  it  became  apparent  that  a  secondary 

in-plane  force  would  produce  sufficient  lift  to  be  of  real  significance. 

This  in-plane  force  is  known  as  side  force,  or  radial  force  and  as  shown 
in  Chapter  II  is  a  function  of  propeller  diameter  and  blade  area.  Since 
the  propeller  radial  force  is  large,  it  was  found  that  an  aircraft  could 
be  designed  to  fly  without  wings  using  propeller  radial  force  and  thrust 
in  all  flight  modes.  Flight  without  wings  was  a  stimulating  idea  to  man¬ 
agement;  it  was  decided  to  pursue  this  notion  further. 

However,  the  lift-drag  ratio  of  a  lifting  propeller  is  poor  unless  the 
angle  of  attack  of  the  propeller  is  small.  This  is  apparent,  since 
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Although  the  lift-drag  ratio  is  high  at  small  angles,  the  actual  level  of 
radial  force  is  low.  Thus  the  initial  studies  indicated  that  some  wing 
area  would  be  required.  Instead  of  a  wingless  aircraft,  area  was  added 
to  obtain  maximum  lift-drag  ratio  at  the  cruise  flight  condition.  It 
was  found  that  the  wing  could  be  sized  for  maximum  efficiency  in  cruise, 
since  the  radial  force,  thrust  and  wing  lift,  were  adequate  to  meet  the 
other  flight  conditions.  At  the  transition  flight  conditions,  lift-drag 
ratio  of  the  airplane  is  low;  this  was  considered  to  be  unimportant.  The 
idea  began  to  gel.  An  efficient  cruise  aircraft  with  good  lift  in  hover 
appeared  to  be  possible. 

3.  X-100  AIRPLANE 

The  ground  work  had  been  laid.  It  was  decided  to  build  an  aircraft  to 
investigate  and  demonstrate  the  radial  force  principle.  This  effort  is 
documented  in  references  (1)  through  (4). 

'rhe  X-100  airplane  is  a  two-place,  3,500  pound,  single-engine  aircraft, 
■he  general  characteristics  are  shown  on  Table  I  and  Figures  1  and  2. 

The  aircraft  was  completed  late  in  1958,  and  ground/ flight  tested  during 
1959  and  1960.  A  total  time  of  220  hours  on  the  ground  and  10  flight 
hours  was  accumulated.  In  addition,  the  X-100  airplane  was  used  for 
ground  erosion  tests  at  Langley  Field;and  further,  was  tested  in  the  40 
by  80  ft.  NASA  Ames  wind  tunnel.  The  purpose  of  the  wind  tunnel 
test  was  twofold:  to  confirm  the  results  obtained  in  flight,  and  to 
obtain  data  on  propeller  loading  when  operating  at  high  angles  of  tilt. 

The  flight  tests  of  the  X-100  airplane  proved  that  radial  force  tilt 
propellers  could  be  flown  from  hover  to  cruise  without  encountering 
adverse  effects.  Furthermore,  the  stability,  control  and  performance  of 
the  X-100  were  equal  tc  or  better  than  that  predicted.  The  success  of 
the  X-100  tests  was  encouraging  enough  to  initiate  the  next  effort. 

Design  of  the  Model  200  was  begun. 
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Table  I. 


X-100  VTOL  airplane  characteristics. 


Airplane  Type: 


2  place  VTOL 


No.  of  Engines  and  Type: 


1  Lycoming  YT-53 


Engine  Rating  Military: 

No.  of  Propellers  and  Type*: 
Gross  Weight: 

Polar  Moments  of  Inertia: 


825  HP 

2  three-blade  10'  0" 

3500  pounds  plus 

I  ■  1300  slug  feet 

x 

I  =  2151  slug  feet 

y 

I  =  3200  slug  feet 


Wing  Area  =  22.5  square  feet 
Horizontal  Tail  Area  =  23  square  feet 
Vertical  Tail  Area  =  18.75  square  feet 
Length  =  28.3  feet 
Overall  Width  =  25  feet 
Height  =  10.75  feet 


diameter  propellers 

:  -  -  roll 

-  -  pitch 

-  -  yaw 
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ee  view  drawing  (dimensions  in  inchesj 


4 .  M-200  OPERATIONAL  AIRCRAFT 


a.  Initial  Design  Objectives 

The  X-19  airplane  is  based  on  the  Curtiss-Wright  model  M-200. 

It  was  originally  designed  to  be  a  corporate  executive  transport 
incorporating  the  W.A.D.  rotating  combustion  engine.  The  M-200 
aircraft  wan  to  be  a  six-place  machine  with  four  rotating-com- 
bustion  (R/C)  engines  each  rated  at  580  HP  at  5,000  ft.  and  100°F. 

It  was  intended  to  provide  vertical  take-off  and  landing  on  a 
hot  day  with  the  aircraft  capable  of  remaining  airborne  in  case 
of  the  failure  of  one  engine.  The  aircraft  was  to  have  a  range 
of  900  to  1150  miles  with  a  maximum  level  speed  of  400  mph  at 
16,000  feet.  Further,  the  design  was  to  conform  to  FAA  regula¬ 
tions,  have  all-weather  flying  capability,  and  be  quiet  as  a 
result  of  the  use  of  lightly  loaded  propellers  operating  at  low 
tip  speed  and  free  from  vibration.  The  gross  weight  projected 
for  this  aircraft  was  10,000  pounds. 

With  the  Curtiss-Wright  management  change,  it  was  decided  that 
the.  aircraft  designed  around  the  R/C  (rotating  combustion)  engine 
had  little  hope  for  success.  A  new  airplane  with  new-type  en¬ 
gines,  both  untried,  could  not  hope  to  be  successful.  While  the 
aircraft  with  the  R/C  engines  was  being  designed,  studies  were 
conducted  to  determine  the  possibility  of  using  two  turbine  en¬ 
gines.  This  effort  resulted  in  the  turbine  version  of  the  aircraft. 

The  Curtiss-Wright  Model  200  was  then  redesigned  to  use  two  T-55 
engines  instead  of  the  four  rotating  combustion  engines.  This 
reduced  the  problems  considerably,  as  engine  cooling  was  no 
longer  necessary.  The  same  design  performance  objectives  were 
retained;  however,  instead  of  designing  for  the  commercial 
market,  the  machine  was  pointed  toward  military  applications. 

The  major  objective  of  hovering  out-of-ground  effect  was  re¬ 
tained,  but  with  much  reduced  altitude  and  temperature  account¬ 
ability.  This  reduction  of  one  engine  out  performance  could  not 
be  avoided  when  geing  from  the  four  to  two  engine  configuration; 
the  fact  that  turbine  engines  are  more  sensitive  in  power  to 
outside  air  temperature  than  the  rotating  combustion  engine  was 
another  reason. 

The  design  objectives  of  the  Model  200  airplane  were  developed 
mainly  by  Curtiss,  as  no  military  specification  or  requirement 
was  available.  Performance-wise  the  idea  was  to  carry  as  much 
payload  as  possible,  as  far  as  possible,  and  still  retain  the 
engine-out  feature.  This  was  to  be  done  with  gear  box  oper¬ 
ational-limit  envelopes,  the  same  as  were  originally  set  up  for 
the  10,000  pound  aircraft. 

(1)  Tandem-Wing  Design  Considerations 

During  the  flight  testing  of  the  X-100  aircraft,  it  was 
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observed  that  the  aircraft  had  the  following  undesirable 
characteristics : 

(a)  Insufficient  hover  control  power 

(b)  Roll  yaw  coupling  at  hover 

(c)  High  pitch-up  moments  as  a  function  of  forward  speed 

All  these  factors  made  the  low-speed  flight  characteristics 
unsatisfactory,  especially  in  gusty  air.  An  increase  in  con¬ 
trol  power,  especially  in  pitch,  was  deemed  necessary  to  solve 
the  problem.  To  obtain  the  required  control  power  and  tilt 
moments  for  the  pitch  control  of  a  tilt  propeller  a  large 
pitching  moment  is  required.  The  thrust  at  the  tail  of  the 
airplane  required  to  produce  this  moment  can  be  generated  by 
the  use  of  propellers,  ducted  fans  or  jets.  The  power  neces¬ 
sary  to  generate  the  thrust  is  of  course  dependent  on  disk 
loading  of  the  device  used.  The  solution  ultimately  devised 
for  the  X-100  aircraft  was  a  controllable  air-deflection  cas¬ 
cade  system  mounted  in  the  tail  section  and  powered  by  engine 
exhaust  which  provided  pitch  and  yaw  thrust  as  needed.  It 
was  considered  to  be  undesirable  to  use  a  separate  device  for 
the  generation  of  a  moment  for  pitch  control  which  is  neces¬ 
sary  at  hover  and  low  forward  speeds  as  additional  drives, 
clutches  and  controls  would  be  required  which  added  to  the 
overall  weight  and  complexity  of  the  aircraft. 

One  of  the  main  difficulties  encountered  with  the  two 
propeller  VTOL  aircraft  is  the  roll  yaw  coupling  problem. 

To  overcome  this  problem  large  amounts  of  control  power 
are  needed  to  counteract  the  torque  change  induced  due  to 
a  roll  input.  When  the  airplane  is  holding  in  a  side  wind, 
for  instance,  the  lee  prop  is  absorbing  more  power  than 
the  upwind  prop.  If  the  props  are  rotating  up  past  the 
wing,  necessary  in  the  case  of  the  fixed  wing  configuration, 
the  power  difference  tends  to  turn  the  machine  so  the  tail 
weathervanes  into  the  wind.  This  must  be  prevented  to 
provide  the  control  characteristics  necessary  for  a 
hovering  aircraft.  As  the  aircraft  design  evolved  to 
larger  proportions  the  propeller  size  appeared  to  be  a 
limiting  factor.  Propellers  in  excess  of  20  feet  diameter, 
were  envisioned;  but  sooner  or  later  as  the  aircraft  grew 
in  size  at  least  four  propellers  would  be  required.  In 
arranging  these  on  such  an  aircraft  it  was  thought  that 
the  control  problems  at  hover  could  be  solved  and  the  wing 
size  could  be  kept  to  a  minimum  if  the  tandem  configuration 
was  adopted.  Also  the  tandem  arrangement  appeared  to  offer 
the  possibility  of  higher  wing  loading  with  the  desired  low 
disk  loading  for  hover.  If,  however,  the  propellers  are 
disposed  along  a  single  wing  the  download  losses  of  the  two 
inboard  units  would  be  higher  than  if  they  were  placed  at 
the  wing  tip.  Furthermore,  with  the  single  wing  con¬ 
figuration  a  tail  fan  or  a  Jetavator-type  system  must  be 
used  to  provide  pitch  control  in  hover  and  low  speed  flight 
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conditions.  As  a  result,  on  a  single-wing  desigr.  five 
propellers  are  needed  together  with  the  necessary  equip¬ 
ment  for  starting  and  stopping  the  tail  propeller.  A  tail 
propeller  could  also  be  used  to  obtain  yaw  control  but 
probably  differential  tilting  of  the  outboard  props  would 
be  preferrable  to  the  complication  of  the  fifth  propeller. 
For  these  reasons,  and  the  need  for  uncoupled  flight  con¬ 
trols  in  hover  and  low  speed  flight, the  four -propeller 
tandem  configuration  was  chosen  for  the  X-19  configuration. 

(2)  Turboprop  System 

The  turboprop  system  was  selected  to  provide  the  following: 

(a)  Objective  was  to  cover  approximately  0-400  MPH 
(M  0.65)  speed  range,  and  have  up  to  25,000  ft. 
altitude  capability. 

(b)  Superior  propulsion  system  efficiencies  of  turboprop 
in  selected  speed-altitude  regime. 

(c)  Excellent  performance  flexibility  of  conventional 
propeller  between  static  and  selected  high  speeo 
conditions . 

(d)  Capability  of  the  propeller  to  provide  needed  radial 
force  for  smooth  transition  flight  characteristics. 

(3)  Selection  of  Hover  Disk  Loading 

Disk  loading  was  selected  from  the  following  point  of  view: 

(a)  Good  from  ground  disturbance  point  of  view. 

(b)  Near  lowest  possible  disk  loading  with  conventional 
aircraft  propellers  considering  combined  aerodynamic/ 
structural  aspects.  At  lower  disk  loadings  difficulty 
with  blade  dynamics  was  a  concern. 

(c)  High  static  thrust  performance  (about  6.0  lbs/HP  at 
SLSD  and  25  lb/ft^  disk  loading)  to  minimize  installed 
power  requirements. 

(d)  Peak  static  thrust  performance  from  propeller  obtained 
at  reasonable  tip  speeds  of  approximately  820  feet  per 
second  at  this  disk  loading,  giving  low  noise  charac¬ 
teristics. 

(e)  Light  weight  blade  construction  methods  available  -  a 
fundamental  keystone  as  conventional  blade  methods  of 
construction  result  in  propeller  weights  unacceptabil¬ 
ity  high. 

(f)  Confidence  in  the  design  feasibility  of  large  diameter 
conventional  propellers  for  large  aircraft. 
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(g)  Ability  to  hold  high  propeller  cruise  flight  efficien¬ 
cies  approximately  80%  using  the  speed  variation  capabil¬ 
ity  of  gas-coupled  shaft  turbine  engines. 

(4)  Selection  of  Non  Tilting  Wing  System 

The  airframe  geometry  was  based  on  the  following: 

(a)  Selection  of  the  non  tilting  wing  system  was  fundamentally 
hinged  on  the  moderate  hover  disk  loading  selection,  i.e., 
15  to  30  lbs  per  square  foot. 

(b)  Recognition  that  if  a  tilting  wing  were  used,  the  wing 
would  have  to  be  carefully  slatted  and  flapped  to  avoid 
stall  at  high  transition  angle  of  attack  conditions. 

Also,  there  was  great  concern  that  the  slipstream  dynamic 
pressures  associated  with  the  selected  low  disk  loading 
propellers  would  be  inadequate  to  cope  with  the  problem, 
even  with  efficient  slats  and  flaps  incorporated.  The 
above-noted  advantages  of  low  disk  loading  should  not  be 
sacrificed  by  increasing  disk  loading  merely  to  make  the 
tilting  wing  feasible. 

(5)  Selection  of  Tandem-Wing  Four  Propeller  Configuration 

(a)  The  tandem  wing  arrangement  allowed  the  use  of  low  or 
moderate  propeller  disk  loadings  and  high  wing  loadings 
without  resorting  to  the  use  of  long  narrow  wings  or  in- 
terrr.eshing  propellers.  In  the  case  of  a  four  propeller 
tandem  wing  airplane  the  propellers  mounted  at  the  wing 
tips  would  have  a  lower  download  than  is  possible  with  a 
single  wing  airplane. 

(b)  Tandem  wings  with  tip-mounted  propellers  kept  a  large 
part  of  the  wings  from  beneath  the  propeller,  thus  mini¬ 
mizing  thrust  losses  due  to  slipstream  blowdown. 

(c)  Tandem  wings  allowed  use  of  four  propellers,  thus  mini¬ 
mizing  size  of  individual  propellers  for  the  selected 
disk  loading  and  aircraft  weight. 

(d)  The  configuration  allows  full  exploitation  of  the  concept 
of  a  continuously  running  propulsion  system.  An  auxiliary 
system  to  provide  a  control  force  at  hover  and  low  for¬ 
ward  speeds  is  not  required. 

(e)  A  tandem  aircraft  configuration  is  easily  controlled  at 
hover  and  at  the  low  speed  flight  conditions  as  large 
control  moments  can  be  generated  by  the  use  of  propeller 
collective  pitch  controls. 
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5.  TRI-SERVICE  X-I9  (CW  MODEL  200)  DIMENSIONS  AND  GENERAL  DATA 
(Refer  to  Figure  3  for  general  arrangement) 


Wings: 

Span:  (to  nacelle  centerlines) 

Areas:  . 

Chord:  (constant  along  span) 


FWd.  wing  19.5  ft. 

Aft.  wing  21.5  ft. 

Fwd.  wing  56. 1 

Aft.  wing  98.5  sq.  ft. 


Fwd .  wing 
Aft.  wing 
Lift  chord 


.34.5  inches 
.55.0  inches 
274.0  inches 


Airfoil  section  designation  and  thickness  (percent  chord) 

constant  along  span .  fwd.  wing  NACA  2421  Modified-217. 

aft.  wing  NACA  64^418  Modified-187. 

Incidence  (degrees): 

FWD  WING  AFT  WING 

At  root  .  0  0 

At  construction  tip  .  0  0 


Sweepback,  degrees  ........  0  0 

Dihedral,  degrees  .  0  0 

Aspect  Ratio  .  6.8  4.7 


Ailerons:  Outboard  on  Aft  wing  only 

Area  (both) 

Span  . 

Chord  (average  percent  aft  wing  chord, 

aft  of  hinge  . 

Distance  from  plane  of  symmetry  to  centroid 

of  aileron  area  . 

Tab  —  NONE 


14.44  sq.  ft. 
54  inches 

357. 

93.5  inches 


Flaps:  On  Forward  wing  only 


Area  (both)  . .  15.16  sq.  ft. 

Typ^  -  Plain 

Span,  exclusive  of  cutouts  .  78.05  inches 

Chord,  (average  percent  front  wing 

chord,  aft  of  hinge) .  40.57. 

Elevators:'  On  Aft  wing  only 

Area  (both)  .  12.85  sq.  ft. 

Span  (each)  . . .  48.0  inches 

Chord  (average  percent  aft  wing  chord, 

aft  of  hinge  .  35.07. 

Tab  --  NONE 
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Horizontal  Tail: 


See  aft  wing 


Vertical  Tail: 

Area  (Excl.  Dorsal)  . . . 

Span  . . . 

Chord  . Root 

Tip 


46. 18  sq.  ft. 
117.0  inches 
74.32  inches 
39.42  inches 


Airfoil  section  designation 

and  thickness  . NACA  0012  W  L.  136.75  12% 

NACA  0010  W.L.  250.75  107. 


Tab  dimensions  . . . . Length  =  28.18  inches 

Chord: 

Top  4.195  inches 

Bottom  4.70  inches 

Tab  Location  . W.L.  167.00  to  W.L.  195.18 


Incidence,  normal  .  0° 

Sweep  of  leading  edge,  degrees  .  32°  6  minutes 

Dihedral,  degrees  .  0° 

Adjustment  each  side  of  neutral  .  0° 

Aspect  ratio  .  2.05 

Fuselage: 

Length  of  fuselage  . .  42.08  ft. 

Net  wetted  area  of  fuselage  .  631.8  sq.  ft. 

Maximum  cross-sectional  area .  26.6  sq.  ft. 

Area  of  engine  air  inlet:  1.67  sa .  ft. 

Cabin  length  . . .  14.8  ft. 

Cabin  width  .  4.33  ft.. 

Propeller  Nacelles: 

Length  of  front  nacelles  .  6.41  ft. 

Maximum  diameter  of  front  nacelles  ..  i.375  ft. 

Net  wetted  area  of  two  front  nacelles  45.7  sq.  ft. 

Cruise  inclination  of  front  nacelles 

relative  to  fuselage  datum  .  -3.0° 

Length  of  rear  nacelles  .  7.50  ft. 

Diameter  of  rear  nacelles  .  1.375  ft. 

97°  to  -3° 

81°  to  -3° 


Tilt  Angles  Front 
Rear 
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Net  wetted  area  of  two  rear  nacelles  ... 


47.6  sq.  ft. 


Cruise  inclination  of  rear  nacelles 

relative  to  fuselage  datum  . 

Total  aircraft: 

Total  aircraft  wetted  area  . 

Height  over  highest  fixed  part  of  aircraft 
(Vertical  Tail) 

Reference  line  level  (reference  is  to 
ground  level)  . 

Height  ever  highest  part  of  tail, 
reference  line  level  . . . 

Length,  maximum: 

Reference  line  level  . 

Distance  from  fwd .  wing  quarter  chord 

point  to  aft  wing  quarter  chord  point 

Distance  from  aft  wing  quarter  chord  point 
to  vertical  tail  MAC  quarter  chord 
point  . . . . 

Angle  between  fuselage  reference  line  and 
wing  zero-lift  line 


Ground  angle ,  degrees  . . . 

Propeller: 

Propeller  diameter  . 

Blade  Area  . . . 

No.  of  propellers  per  aircraft 

No.  of  blades  per  propeller  .. 

Blade  designation  . . . 

Activity  Factor  . 

Integrated  Design  C  . 

L< 

Blade  Cnaracteristics  . . 

Airfoil  Section  Type  . 


-2.54° 

1090.5  sq.  ft. 

17'  1/4" 

17’  1/4" 

44'  5" 

23'  4-1/8" 

28.58  inches 

Fwd .  -2.3°  as 
installed 

Aft  -0.9° 

,0 

13.0  ft. 

8.4  sq.  ft. 

4 

3 

13168A10P3 (Modified) 
168 
0.057 

(See  Figure  74) 

NACA  64 
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Alighting  gear: 

Wheel  size: 

Main  wheels  . 

Nose  wheel  . . . 

Tire  size: 

Main  wheels  . . . . . 

Nose  wheel  . 

Tread  of  main  wheels  . 

Wheel  base  . 

Vertical  travel  of  axle  from  extended  to 
fully  compressed  position: 

Main  wheels  . 

Nose  wheel  . 


24  x  7.7 
6.00  x  6.0 

24  x  7.7 
6.00  x  6.0 
6.0  feet  8.0  inches 
22.0  feet 

8.0  inches 
6  .0  inches 


Distance  from  main  wheel  contact  point  to 
center  of  gravity: 

Horizontal  Distance: 

At  most  forward  permissible  cruise  c.g.  45.4  inches 
At  most  aft  permissible  cruise  c.g.  35.4  inches 

Vertical  Distance:. 


At  most  forward  c.g.  59.4  inches  at  13,660  pounds 
gross  weight 

At  most  aft  c.g.  ;9.2  inches  at  13,660  pounds 
gr-ss  weij/.-c 

Engines : 

2  Lycoming  T53-L-5 
Direct  Drive 
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CONTROL  MOVEMENT  AND  CORRESPONDING  CONTROL  SURFACE  MOVEMENTS 


Control  and  control  surface  movements  on  each  side  of  neutral  position 
for  full  movement,  as  limited  by  stops. 

Rudder  33  degrees  right,  33  degrees  left. 

Rudder  pedals  3  inches  forward,  3  inches  aft. 

Rudder  tab  3  degrees  right,  8  degrees  left. 

Rudder  tab  control  actuated  ny  electrical  switch. 

Elevator  20  degrees  above,  15  degrees  below. 

Elevator  control  stick  5.42  inches  aft,  4.06  inches  forward. 

Ailerons  15  degrees  above,  11  degrees  below. 

Aileron  control  stick  4  inches  right,  4  inches  left. 

Aileron  droop  (maximum)  60  degrees. 

Forward  wing  flap  (maximum)  60  degrees  nominal  movement. 

Flap  and  aileron  droop  positions  are  mechanically  coordinated 
with  nacelle  position. 

GENERAL  FEATURES  OF  DESIGN  AND  CONSTRUCTION 

The  aircraft  is  a  tandem  high  wing  airplane  with  propellers  mounted  on 
nacelles  at  each  wing  tip,  as  shown  in  Figure  3.  The  nacelles  tilt 
from  horizontal  to  vertical  approximately  100  degrees.  Power  is  pro¬ 
vided  by  two  turbo-shaft  engines  contained  within  the  fuselage.  Con¬ 
ventional  aircraft  construction  techniques  and  materials  are  used 
throughout . 

GENERAL  INTERIOR  ARRANGEMENT 

The  interior  arrangement  consists  of  a  cockpit  and  a  passenger/cargo 
compartment . 

The  pilot's  compartment  contains  two  crew  seats,  all  the  controls, 
switches,  instruments  and  other  equipment  required  to  operate  the 
airplane  from  either  the  left  or  right  seat. 

The  passenger/cargo  compartment  has  provisions  for  4  passenger  seats, 
but  can  be  re-arranged  for  cargo  carriage  as  well. 
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SECTION  II 


RADIAL  FORCE  PRINCIPLE 


1.  INTRODUCTION 

It  is  well  known  that  the  conventional  propeller  is  an  highly  efficient 
device  for  converting  shaft  power  to  thrust.  Propellers  have  demonstrated 
a  figure  of  merit  of  the  order  of  80  to  82  percent  at  the  static  or  hover 
condition,  and  well  designed  propellers  have  demonstrated  efficiencies  as 
high  as  90  percent  at  the  cruise  speeds  of  200  to  400  knots.  For  instance, 
the  propeller  designed  for  the  Lockheed  1049C  using  three  number  109652 
blades  operated  at  a  cruising  efficiency  of  89%  and  demonstrated  a  Figure 
of  Merit  of  80%  at  the  static  condition  or  zero  velocity  condition,  refer¬ 
ence  9.1.  The  Figure  of  Merit  of  80%  was  obtained  at  a  power  coefficient 
of  0.05  well  below  the  normal  take-off  power  coefficient  of  the  1049C  air¬ 
plane,  which  is  approximately  0.1.  Thus,  the  propeller  is  a  suitable 
device  for  providing  lift  at  the  hover  condition  as  well  as  propelling  an 
airplane  at  the  cruise  condition.  To  accomplish  this  dual  purpose  it  is 
necessary  that  the  propeller  be  tilted  through  90  degrees  between  the  hover 
condition  and  the  cruise  condition.  During  this  conversion  portion  of  the 
flight  the  propeller  will  be  operating  with  its  shaft  at  a  high  angle  of 
attack.  At  an  angle  of  attack  ..ne  force  along  the  shaft  of  the  propeller, 
generally  defined  as  thrust,  can  be  broken  down  into  two  forces,  a  lift 
force  and  a  force  in  the  direction  of  flight  (Figure  4). 

When  the  propeller  is  operating  with  its  shaft  at  an  angle  of  tilt  there 
is,  in  addition  to  the  thrust  force,  a  secondary  force  produced  which  acts 
in  the  plane  of  the  disk  of  the  propeller.  This  force  is  known  as  propel¬ 
ler  normal  or  radial  force  and  is  a  function  of  the  propeller  size,  the 
shaft  angle  of  attack  of  the  propeller,  and  the  operating  speed  of  the 
propeller.  The  propeller  normal  force,  known  as  side  force  to  those  doing 
stability  and  control  calculations,  is  also  illustrated  in  Figure  4.  It 
will  be  noted  that  this  force,  like  the  normal  force  produced  by  a  wing, 
can  be  broken  into  two  components  -  lift  and  drag.  In  the  case  of  con¬ 

ventional  aircraft,  the  normal  force  produced  by  the  propeller  is  small 
compared  with  the  overall  forces  produced.  In  the  case  of  propellers  used 
on  VTOL  aircraft,  the  diameter  and  blade  area  necessary  are  larger  than 
would  be  used  for  conventional  airplanes  as  the  blade  sections  must  operate 
below  stall  at  the  static  or  hover  flight  conditions  to  obtain  high  values 
of  figure  of  merit.  The  propellers  will  also  operate  through  a  high  angle 
of  attack  range  during  conversion.  Since  the  propeller  normal  force  is 
directly  dependent  on  the  shaft  angle  with  respect  to  the  airflow,  the 
blade  area,  and  the  propeller  diameter  squared,  the  norm's!  force  has  been 
observed  to  be  a  very  significant  parameter  affecting  tho  overall  charac¬ 
teristics  of  the  VTOL  propeller  airplane. 

2.  THEORY  AND  METHOD  FOR  COMPUTING  PROPELLER  FORCES 
a.  General 

To  show  how  a  propeller  produces  the  radial  fcrce  arc  the  associ¬ 
ated  moment,  indicated  in  Figure  4,  it  is  receosary  to  examine  the 
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detaiiea  forces  on  each  nlade  section  as  a  blade  rotates  through  a 
full  revolution.  Consider  a  three-blade  propeller  operating  at  a 
forward  velocity  V0  at  a  shaft  angle  of  attack  equal  to  A.  Let 
equal  the  azimuth  angle  of  the  blade  measured  in  the  counterclock¬ 
wise  direction  from  the  vertical  position,  as  viewed  from  in  front 
of  the  propeller.  Thus,  when  the  blade  is  on  the  down  stroke  and 
is  horizontal,  8  will  be  equal  to  90°.  On  Figure  5  the  velocity 
components  are  shown  for  the  propeller  at  angles  of  8  equal  to 
0,  90,  270°. 

The  blade  section  rotation  velocity  is  TTnDx,  where  x  is  the  frac¬ 
tional  radius.  This  rotational  velocity  adds  vectorially  to  the 
forward  velocity  component,  giving  a  resultant  velocity  W  as 
shown  on  Figure  5.  At  the  90°  and  270°  blade  position  the  section 
experiences  the  full  value  of  forward  velocity  V0.  Whereas  at  0 
and  180°  the  section  is  influenced  by  VQ  cos  A  velocity  component 
plus  the  rotational  velocity  TTnDx.  At  any  azimuth  position  the 
component  of  forward  velocity  affecting  the  section  will  be: 

/  2  2  2 
V/  (sir  A)  sin  8  +  cos  A 

The  lift  forces  produced  by  a  typical  blade  section  of  a  propeller 
operating  at  a  shaft  angle  of  attack  are  'hown  on  Figure  6  as  a 
function  of  azimuth  angle. 

Each  blade  section  will  also  be  affected  by  a  change  in  apparent 
angle  of  attack  as  it  rotates,  in  addition  to  the  change  of  the 
sectional  velocity  as  determined  by  the  above  equation.  The  change 
in  velocity  and  section  angle  of  attack  will  cause  a  variation  of 
lift  produced  as  the  blade  rotates.  When  the  propeller  is  operat¬ 
ing  at  low  shaft  angles  of  attack,  A,  and  the  blade  section  is 
properly  loaded  so  that  positive  or  negative  section  stall  is  not 
encountered,  the  lift  will  vary  approximately  "sinusoidally"  as 
the  blade  rotates  through  a  complete  revolution,  see  Figure  7. 

The  drag  of  the  propeller  blade  section  will  also  vary.  The  man¬ 
ner  in  which  the  drag  varies  depends  on  the  portion  of  the  drag 
curve  at  which  the  section  is  operating.  If  the  section  angle  of 
attack  is  high,  variation  of  drag  approaches  a  "sinusoidal"  shape 
above  and  below  the  initial  value;'  whereas,  if  the  drag  varies 
from  the  minimum  value,  the  variation  is  sinusoidal  shape,  but  will 
never  go  below  the  initial  value. 

The  change  in  lift  such  as  showr  on  Figure  7  resolved  in  the  pro¬ 
peller  plane  adds  vectorially  and  gives  the  in-plane  force  known 
as  both  "Radial  force"  or  "Side  force."  The  variation  in  blade 
section  lift  force  such  as  shown  on  Figure  6,  when  resolved  in  the 
propeller  thrust  direction,  results  in  a  couple.  If  the  propeller 
shaft  angle  is  at  a  positive  angle  of  attack,  this  couple  is  a 
yawing  moment,  its  sign  depending  on  the  direction  of  rotation. 

A  propeller  rotating  clockwise,  i.e.,  viewed  from  the  rear,  a 
right  hand  propeller,  will  produce  a  yawing  moment  to  the  left 
when  the  shaft  is  at  a  positive  angle  of  attack,  see  Figure  7. 
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Figure  5.  Propeller  inflow  velocity  components. 
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Figure  6.  Approximate  blade  lift  variation  with  rotational  position. 
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A  left  hand  propeller  will  produce  a  yawing  moment  to  the  right 
when  the  shaft  is  at  a  positive  angle  of  attack. 

If  the  advance  ratio  and  forward  velocity  are  determined  based  on 
the  velocity  normal  to  the  propeller  disc,  Vn,  the  power  absorbed 
is  nearly  independent  of  the  shaft  angle.  This  is  true  as  long 
as  the  propeller  is  operating  near  peak  efficiency,  blade  sections 
do  not  stall,  and  the  shaft  angle  of  attack  is  less  than  approxi¬ 
mately  5  degrees.  Even  if  the  mean  drag  is  above  the  initial 
value  when  the  propeller  is  operating  at  an  angle  of  attack  less 
than  five  degrees  the  overall  efficiency  is  only  si'  stly  influ¬ 
enced  as  the  power  required  for  drag  is  only  5  to  15%  of  the  total 
power  used.  As  the  shaft  angle  of  a.tack  is  increased  the  drag 
variation  as  the  blade  rotates  starts  to  become  significant  and 
the  power  increases  with  a  corresponding  drop  of  efficiency.  The 
propeller  data  of  reference  9  indicates  that  the  thrust  and  power 
coefficients  as  measured  along  the  shaft  axis  do  not  change  in 
the  range  of  shaft  angle  between  0  and  15°.  Thus  the  loss  of 
propeller  efficiency  at  the  shaft  angle  of  15  degrees  is  equal 
to  the  one  minus  cosine  of  the  angle  or  3.4%.  This  is  considered 
of  great  importance  as  when  the  propeller  is  used  to  produce  lift 
for  cruise  flight  using  radial  force,  it  would  be  operating  at  a 
shaft  angLe  of  3  to  4°  with  a  corresponding  loss  of  efficiency 
due  to  non-linear  effects  of  less  than  1%. 


b.  Theory  of  Normal  Force  and  Yawing  Moment 

The  radial  force  and  yawing  moment  of  an  inclined  propeller  can  be 
calculated  by  the  method  of  strip  analysis  in  the  same  manner  as 
determining  the  thrust  and  torque  of  uninclined  propellers.  The 
main  difficulty  in  analyzing  the  forces  and  moments  produced  by 
the  inclined  propeller  is  determining  the  inflow  velocity  at  each 
azimuth  position.  Unlike  a  propeller  operating  with  a  zero  shaft 
angle  of  attack  where  the  wake  is  uniform,  the  inclined  propeller 
has  a  wake  that  is  varying  in  strength.  This  non-uniform  wake  is 
caused  by  the  variation  of  circulation  of  lift  produced  as  the 
propeller  rotates  in  the  inclined  flow  position.  For  this  reason, 
when  determining  the  inflow  velocity  at  each  position  the  local 
conditions  cannot  be  used  with  conventional  inflow  calculations  as 
this  assumes  that  the  wake  is  uniform  and  at  a  strength  equal  to 
that  of  the  local  conditions. 

To  calculate  the  inflow  velocity  and  angle  of  an  inclined  propel¬ 
ler  axis  at  the  various  blade  azimuth  positions,  it  was  assumed 
that  the  strength  of  wake  varied  directly  as  the  change  in  section 
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lift  as  shown  on  Figure  6.  The  load  distribution  at  each  azi-nuth 
position  and  radial  station  was  approximated  by  assuming  steady 
state  condition.  Analysis  could  then  be  made  by  strip  calcula¬ 
tions,  (5)  and  (6).  to  determine  the  load  distribution  and  thus 
the  strength  of  the  wake  at  each  azimuth  positic  i  and  downstream 
position  from  the  propeller.  Thus,  knowing  the  characteristics  of 
the  wake  behind  the  propeller,  it  is  possible  to  find  the  inflow 
velocity  at  each  position  using  the  solution  of  the  Biot  Savart 
law  given  in  (7).  The  procedure  for  calculating  the  inflow  veloc¬ 
ity  is  given  as  follows: 

From  Figure  8, 

Vn  =  V0  cos  A 
vt  =  v0  sin  A 


tan  0  * 

o 


VQ  cos  A 

irnDx  +  (V0  sin  A)  sin  S 


irnDx  +  Vt  sin  S 


^Local  =*  tx  tan  0 

o 

8  =  reference  angle  on  the  propeller  disk1 

Vq  *  forward  velocity 

The  strength  of  circulation,  j-1  ,  is  found  for  various  values  of 

0Q,  where 

r  -  b  clvq 

2  sin  0 

o 

It  is  desired  to  obtain  the  axial  inflow-velocity ,  u,  from  (7) 
thus : 


u 


p  00  dr  i 

2  2  —  A  Idx 

p  =  0  0  x 


where  p  =  blade  number,  from  0  to  (B-l),  and 
where  8  increments  of  45°  were  taken. 


1 

Note  that  (7)  refers  to  8  as  0 


™  s  see  ststStS- 
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Figure  8. 


Propeller  blade  velocity  components. 
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St 


*tao*  "  or  a(345®  *  ‘  *  • 

and  -^=~  is  read  at  8  of  22.5 J  or  67..' 5®  .  .  . 
d  x 

For  a  complete  analysis  this  procedure  for  calculating  u  must  be 
carried  out  for  each  station  along  the  blade  for  varying  5  and 
blade  position., 

A  convenient  way  of  comparing  *"he  results  obtained  as  a  propeller 
rotates  is  to  evaluate  w  ,  the  ratio  of  the  disp1  •'cement  velocity 
of  the  vortex  sheet  at  infinity  to  the  forward  velocity  of  the 
airplane.  For  the  case  of  the  inclined  propeller,  the  forward 
velocity  is  taken  as  the  normal  velocity  Vn  =  VQ  cos  A, 
Calculations  were  made  for  the  C.7  radius  where  the  propeller  was 
at  tne  reference  angle  of  0  and  90“'.  The  following  is  the  method 
used  to  calculate  w  once  u  has  been  determined.  (See  Figure  8.) 


sin  *  b/a  +  0^ 


2u 

- - — 

V  cos  0 

u 

The  following  shows  the  results  calculated  at  0.7  radius  for  a 
three-blade  propeller  using  blades  with  a  132  Activity  Factor 
and  IC^  of  0.239.  The  propeller  is  inclined  at  on  angle  of  10° 
and  operating  at  J  *  2.3,  M0  =  0,263  and  0 ^  ^  -  50C.A; 


For  a  Varying  Wake 

For  a  Uniform 

(Actual  Conditions) 

Wake 

?0 

w 

v.'  .  . 

..!! iU-Z 

0 

.236 

5  ~  1 

90 

.228 

.  28* 

_  „  _ MJiniSl  *M«  Wither  ■3T*«r’  ■»iJ-JWrD3UTEDr  rMi.GOV  C*VJS3. 

CmTAHOW  TKJJ  usrt;«  m-f-  Jt  On  AHf  JJTOOOOCUOV  WATOF  -  'HOt*  Or  I-  -AH. 


The  displacement  velocity,  is  very  nearly  constant  .it  8q  *  0° 
arid  90°  for  the  actual  wake  conditions,  indicating  a  constant 
value  over  the  entire  disk.  For  the  cas*  where  the  wake  ia  as¬ 
sumed  uniform,  based  on  the  loadings  at  tbo  azimuth  angle  under 
consideration,  large  differences  in  the  displacement  velocity  ratio 
are  observed  for  the  89=  0  and  90°  .•  Because  the  wake  is  changing 
as  a  function  of  time,  this  assumption  is  believed  co  se  wrong  and 
is  therefore  discarded.  It  was  investigated,  as  early  theories 
made  the  assumption  of  the  loading  only  influencing  the  wake  and 
thus  the  inflow  velocity. 


These  assumptions  are: 


(1)  The  change  in  induced  angle  at  various  azimuth  positions  is 
negligible , 

(21  The  slope  of  the  lift  curve  is  constant  and  has  the  value  for 
the  mean  value  of  CT  (obtained  from  ordinary  strip  calcula¬ 
tion)  . 


(3)  Sin  0  =  sin  0 


Light  loading  assumption 


(4)  The  radial  fA  ce  contribution  of  blade  section  drag  is 
negligible. 

The  local  lift  contribution  for  a  station  is 

dL  -  l/2/)W02  b  dr  (!) 

The  lccal  incremental  lift  contribution  for  a  station  ts  then 


Adi. 


\pb  [ 


(W  +  AW)  (C  +  AC. 

O  Lt 


v  -  “A. 


dr 


(2) 


AdL  =  [  2W  AWC,  +  AW*Ct  +  2W  A&  A<?  +  Aw  ^or 

H  l  o  h  L  o  a  a 


of  2W 


2.1. 

4  Wq  sA#  j  0" 

(3) 

a A<x  (t"r  u  >  )  2  j  dr 

(4) 

relations  are  fotned: 

.  *  *  xDy. 

COt  0  »  ' — —'****' — >»— — 

c  C  Vr  COS  A 


cc'c  0f' 


TnDx  4-  Vo  sin  A  sin 8 
V->  ccoA 


:ot  0  4  tan  A  sin  § 


W c  •*  v0  ccsA  esc  0Q 
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A 


<*) 
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Flight  Direction 


sin  A 


Figures  9. 


Thres  dimensional  distribution  of  velocity  components. 
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W  -  Vc  cosA  esc  9'0 
AW  -  w  -  wQ 

AW  -  V0  cosA  (csc0q  -  esc  0Q) 

2W  CSC0 '  +  C8C0 

_ o  +  l  m  o _ o 

AW  csc0 1  -  cs c0„ 

o  o 

W  C8C0' 

o  ,  . _ o _ 

AW  c sc0 '  -  csc0 

o  o 

Acf  =  0  -  0‘ 

o  o 


Substituting  these  values  into  equation  (4)  gives 

/  r  r  rcsc0;  +  csc0 

AdL  =  ^pb  <VQ 


[■ 


csc0 

O  0 


] 


co8  A|cst  K  ■  c‘c  0ojNcl[^T 

«>o  - 

AdL  *  qb  ces2A  |CT  (csc20'  -  esc  20  )  +  a(0  -  0')(csc20')  |  dr 

L  L  o  o  oo  oj 


+  al 


From  Figure  9,  the  radial  force  component 
is  seen  to  be  AdL  sin0g.  And  From  Figure 
normal  force  is  seen  as  AdL  sin  0^  sin  8. 
Equation  (5), 


in  the  propeller  plane 
9(b) ,  the  incremental 
By  substitution  in 


AF 


N 


qb 


2. 

cos  A 


jin  8 


sin 


0' 

o 


CT  (1 

.  L 


sin^0'  -« 

- +  a(0  -  0’)  dr 

sin20  °  °  J 

o 


(6) 
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N 


2? 


N 


AV. 


1 


AFn  Rdx 


F  d& 
n 


This  section  wili.  consist  of  e  simplification  of  the  method  formed 
In  the  previous  section.  From  this  section  a  ploc  of  dL  versus 
"8"  showed  that  the  variation  was  approximately  sinusoidal.,  3y 
making  the  following  assumptions,  a  shorter,  but  still  accurate 
method  for  finding  radial  force  will  be  developed. 


Assumptions:. 


(a)  AdL  varies  sinusoidally  during  a  revolution. 

!.h)  All  of  the  lift  curve  slopes  tray  be  represented  by  a 
single  value. 

(c)  Small  angles  stay  be  approximates!  by  their  tangents. 

(d)  Products  of  differencials  are  negligible. 


By  removing  higher  order  differentiate  from  Equation  f3),  the 
equation  becomes 


AdL  -  1/' 


CL  M  ^  J  )  dr 


'2  ob  |  2-o  A  L  -0 
From  Figure  9c  the  following  is  ootained: 

W  «  vo  cor  A 

o  - — - 

sin  0n 


W  'S  V  sin  A  cos  Y 

V  sin  A  sin  0, 


tanAff  -  y-qFT 


sin  A  cos 


Aa 


(7) 


The  following  a  re  obtained  by  combining  terms. 


W„2Aor  - 


V  sin  A  sin  0O  Wrj2  V2  ( 


Sin  2  A 


) 


W 0  +  V  sin  A  cos 


A  sin  2  0O 
1  +  -an  ( - 7 - £ 


"Slots  that  sin  8  is  omitted  from  these  equations;  this  is  so  because  only 
the  peak  value  at  90°  is  used  „nd  sin  90°  =>  1  . 
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„  A  „  V  cos  A  V  sinA  cosr_  V2(—  \2  -)  cos  Y 
0  sin  0„  e1n  a 


sin  0, 


By  substituting  these  quantities  into  Equation  (7),  dL  is 
obtained 


a  ,  sin  2A 

AdL9o°  =  qb  - - 


J2C  (COJUL)  _ S -  t 

*  L  sin0o  1  +  tan(^-*V 


From  Assumption  1,  AdL  =  AdL^QO  Sj-r*  -  *  and 

from  Figure  9(b),  An  =  (AdL^o  sin  8)  sin  0  sin  S 

a  vt  _  A  a,  .  rtr2Tsin28d8  AdL90o  sin  0 

AN  -  Adi  0  sin  0  I  — —  =  - - - 

av-  Jq  cw  l 

,  sin  2A  (  Ct  sin  0  cosY 

dN  ~  k  qBb  J  2(-±~  ,  M - ) 

2  (  sin  0  7 


1  +  (- 


a  sin  0 _ 

tan  A  sin  20 


The  final  equation  has  a  factor  of  0.95  to  insure  conservative 
values 


N  -  0.95  f  qR  ~ 


B  .  sin  2A  i=1  .  (  2CL  sI"  0  co*  y 

t  ^  2  *  b{ — — 

o'  o 

+  _ a  sin  0 _  ) 

tan  A  sin  20  j 


Note  that  although  the  blade  chord  is  a  function  of  x  for  a 
given  blade  the  value  of  N  is  constant  as  long  as  bAx 
remainr  constant. 

The  above  equation  has  been  programmed  on  IBM  equipment. 

In  a  similar  manner  the  shaft  moment  (yawing)  generated  by  the 
propeller  operating  at  an  angle  of  attack  can  be  derived. 

The  equation  is:  1 

,  _  /  2Ct  cos  0 


M  -  0.95  §  JQ  br{ 


L 

sin  0 


tan  A  sin  20 
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It  can  be  shown  tha..  for  small  values  of  A,  Equations 
(9)  and  (10)  can  be  reduced  to 


F 

n 


K1BAq (AF)D2 


ain£o.7  ^*0.7 


+  2C, 


cot^Q.?) 


"0.7 


(11) 


M 


K^BAo  (AF)D~ 


COS^0.7  (a0.7  +2CL 


0.7 


cot^0.7) 


(12) 


where 


1.1 

activity  factor 
propeller  diameter 

blade  angle  measured  at  the  0.7  blade  radius 

operating  lift  coefficient 

450,000 


The  torque  and  thrust  of  propellers  operating  at  an  angle  of 
attack  can  be  calculated  by  the  method  and  data  given  in  (5) 
and  (6).  The  induced  effects  are  determined  by  the  advance 
ratio,  normal  to  the  propel le-‘  disk  and  the  given  power  co¬ 
efficient  or 


J  =  J  cos  A 
n 


The  theory  developed  on  the  preceeding  pages  assumes  that  all 
sections  of  the  propeller  are  operating  on  the  straight 
portion  of  the  lift  curve  and  below  the  positive  and  negative 
stall  angle.  Further  the  theory  assumes  that  the  drag  is 
small  in  comparison  to  the  lift  and  can  t>e  neglected.  For 
these  reasons  the  theory  outlined  is  considered  to  be  accurate 
only  up  to  a  shaft  angle  of  approximately  30  to  45  degrees; 
at  higher  angles  it  is  necessary  to  use  test  data,  and  this 
is  what  was  done  in  determining  the  performance,  loads,  and 
stability  of  X-100  and  X-19  aircraft.  It  is  recognized  that 
this  situation  is  unsatisfactory,  but  satisfactory  theories 
and  section  test  data  were  not  available. 


Although  it  was  necessary  to  make  several  assumptions  in  the 
course  of  the  development  of  a  theory  for  calculating  propel¬ 
ler  radial  force  and  some  of  these  assumptions  may  appear  to 
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be  crude,  the  results  of  the  calculations  in  general  agree 
very  closely  with  test  data,  see  Figures  13  to  18  and  Table 
II.,  The  largest  difference  between  the  calculated  and  test 
data  occurs  at  a  15  degrees  where  the  calculated  level  of 
radial  force  coefficient  is  10  to  157,  above  the  measured 
level.  At  the  higner  shaft  angle  of  attack  better  agreement 
is  obtained.  It  is  believed  that  since  good  agreement  was 
obtained  with  other  test  data  at  the  lower  angles,  Table  II, 
that  the  test  data  at  the  15°  angle  for  the  X-100  propeller’ 
is  in  error. 

At  the  time  of  the  development  of  the  X-19  and  X-100  airplanes 
methods  were  not  available  for  calculating  propeller  radial 
force  at  shaft  angles  above  45°  as  the  position  and  shape  of 
the  vortex  shed  in  the  wake  could  not  be  found.  Since  the 
shed  vortices  and  their  strength  determine  the  inflow  velocity 
and  thus,  the  angle  of  attack  of  the  blade  section,  it  is 
apparent  that  the  radial  force  could  not  be  calculated  at  these 
high  angles.  This  difficulty  has  been  one  of  the  major  prob¬ 
lems  with  propellers  and  rotary  wing  aircraft,  and  the  prob¬ 
lem  is  now  in  process  of  solution. 

3.  APPLICATION  OF  PROPELLER  RADIAL  LIFT  TO  V/'STOL  AIRCRAFT 
a.  General 

The  radial  lift  developed  by  propellers  must  be  properly  accounted 
for  in  the  early  design  phase  of  any  aircraft,  and  especially  an 
airplane  where  the  propellers  operate  through  a  high  range  of  tilt 
angles.  By  the  proper  application  of  propeller  radial  lift  a  VTOL 
aircraft  can  be  improved  whether  it  be  a  tilt  propeller  single 

a  tilt  wing,  a  tandem  tilt  propeller  or  a  deflected  propeller 
slipstream  type.  An  improvement  in  performance  will  be  obtained 
as  propeller  supplies  lift  due  to  radial  force  which  reduces 
wing  stall  tendencies.  The  advantages  of  radial  force  have  been 
studied  only  for  the  tilt  propeller  fixed  wing  type.  Therefore 
the  application  of  radial  force  and  the  methods  of  optimization 
apply  only  to  this  type  aircraft. 

When  an  airplane  is  configured  as  a  VTOL  vehicle  the  wing  is  no 
longer  primarily  needed  for  l’’ ft  at  the  take-off  and  landing  con¬ 
ditions.  Thus  it  can  be  optimized  only  for  the  other  critical 
flight  conditions. 

If  the  aircraft  Is  of  the  transport  category  the  wing  would  norm¬ 
ally  be  optimized  for  operation  at  the  primary  design  cruise  con¬ 
dition  in  accordance  with  classical  aerodynamic  techniques.  Items 
such  as  weignt,  aspect  ratio  and  wing  area  would  be  considered  in 
such  an  optimization  procedure. 
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To  generate  the  required  thrust  at  hover  even  with  high  levels  of 
Figure  of  Merit,  the  propellers  used  on  tilt  wing  and  tilt  pro¬ 
peller  V/STOL  aircraft  wil1  be  larger  than  for  the  same  weight 
conventional  airplane.  The  propellers  of  V/STOL  aircraft  will 
operate  at  section  lift  coefficients  near  the  optimum  (and  have 
large  blade  areas)  whereas  the  propellers  of  conventional  air¬ 
craft  operate  at  overloaded  conditions  and  high  section  lift 
coefficients.  Since  the  propeller  can  be  used  to  generate  lift 
at  !*he  cruise  flight  condition,  some  of  the  wing  area  of  the  air¬ 
plane  normally  chosen  for  peak  cruise  performance  can  be  elimin¬ 
ated.  With  a  fixed  propeller  geometry  the  lift  produced  is  a 
function  of  the  flight  dynamic  pressure,  "q",  and  the  propeller 
shaft  angle  of  tilt  A.  The  propeller  blade  stress  is  also  pro¬ 
portional  to  "Aq"  and  as  a  result  this  has  been  an  important 
design  parameter  for  conventional  propellers.  At  any  flight  con¬ 
dition  che  lift  and  drag  developed  by  the  propeller  operating  at 
a  positive  angle  of  attack  is  found  from  the  equations: 


L  =  N  Cos  A  +  A  T  Sin  A 
n 

(13) 

D  =  N  Sin  T  (1-Cos  A) 

n 

(14) 

where 

N  =  the  ra  force  -  the  actual  in  plane  force 

T^  =  the  p  .r  thrust  normal  to  the  propeller  disk. 


Equation  13  and  sums  that  the  loss  of  thrust  due  to  the  shaft 

angle  inclination  well  r.s  the  inclination  of  the  normal  force 
in  the  direction  c  ne  dra^  is  charged  to  drag.  Propeller  thrust 
must  be  used  to  nv  t  Lome  th. -  drag.  The  lift  drag  ratio  of  the 
propeller  operatlnv  ac  an  an 'le  of  attack  is  then  from  equations 
13  and  14 


,  N  cot  A  +  T  Sin  A 
L  = _ n _ 

D  N  Sin  A  +  I  fl -Cos  A) 
n 


(15) 


At  low  shaft  angle  rMs  equation  shows  that  the  L/D  becomes  very 
high  and  even  -approaches  infinity  as  a  limit  as  A  approaches  C. 

Of  course  N  appioaches  0  as  A  approaches  0  so  this  is  of  importance 
only  at  finite  values  of  N.  Thus  by  choosing  the  proper  shaft 
angle,  the  propeller  can  be  made  to  operate  at  any  desired  value 
of  lift-drag  ratio  eer-irec.  However,  as  the  shaft  angle  is  re¬ 
duced  the  radial  force  becomes  smaller  since,  by  Equation  (11)  N* 
is  a  direct  function  of  A. 
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b.  Application  In  Cruise 


To  obtain  the  maximum  lift-drag  ratio  with  minimum  wing  area,  the 
propellers  on  the  tilt-prop  fixed-wing  type  V/STOL  aircraft  should 
operate  at  a  shaft  angle  that  gives  a  L/D  equal  to  that  of  the 
wing  When  the  wing  area  is  reduced  by  the  use  of  radial  lift 
the  propellers  serve  two  purposes  which  help  keep  the  weight  empty 
of  the  aircraft  low.  Also,  improved  vertical  take-off  performance 
is  obtained  as  the  download  losses  are  reduced  due  to  the  reduc¬ 
tion  of  area  under  the  propeller. 


In  determining  the  proper  wing  area  and  aspect  ratio  to  be  used 
with  propellers  producing  radial  lift  many  other  factors  must  be 
considered  and  all  the  important  flight  conditions  must  be  analyzed 
where  high  lift-drag  ratio  must  be  obtained. 

For  instance  when  reducing  the  wing  area  to  a  minimum  the  wing 
structure  can  become  a  problem  as  the  spar  box  depth  becomes 
limited  by  the  wing  thickness  ratio  necessary  to  obtain  low  drag 
and  high  values  of  critical  Mach  number.  In  the  case  of  the  X-19 
the  thickness  ratios  of  the  front  and  rear  wings  were  21  and  18%, 
respectively,  and  obtaining  a  good  structure  became  a  major  problem. 
On  the  front  wing  it  was  necessary  to  use  1/4  inch  skins  of  alum¬ 
inum  alloy  to  obtain  the  required  characteristics. 


With  small  wings,  problems  are  also  encountered  in  providing  the 
necessary  area  or  lift  coefficient  range  for  the  flight  control 
surfaces.  In  the  case  of  the  X-19  the  area  available  for  the 
elevators  and  ailerons  was  marginal  and  still  have  an  adequate 
structure.  If  it  had  been  necessary  to  increase  the  control 
power  on  this  airplane,  considerable  difficulty  would  have  been 
encountered.  The  wings  of  the  X-19  were  designed  with  a  high 
loading  as  the  airplane  was  originally  intended  to  operate  at 
high  speeds  and  fairly  low  altitude. 

The  X-19  wing  loading  based  on  a  weight  of  13,660  lb,  was  approxi¬ 
mately  85  psf  considering  the  area  of  both  the  front  and  rear  wings. 
At  the  design  cruise  condition  of  271  knots  EAS  the  front  propel¬ 
lers  are  designed  to  operate  at  a  shaft  angle  of  2.8°  which  gives 
an  L/D  of  29  for  the  propellers ,  Even  at  a  speed  of  230  knots  EAS 
the  propellers  operate  at  a  lift  drag  ratio  of  12  which  is  above 
the  maximum  of  the  entire  aircraft.;  Note  that  at  the  230  knot 
condition  a  reduction  of  the  propeller  tilt  angle  would  reduce  the 
propeller  lift  slightly  and  improve  the  overal1  L/D.  It  would  there¬ 
fore  appear  that  it  should  be  possible  to  select  the  propeller 
shaft  angle  at  any  flight  condition  to  obtain  the  maximum  perform¬ 
ance. 
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c.  Application  in  Transition 

The  wing  configuration  chosen  for  high  performance  at  the  cruise 
flight  conditions  must  be  adequate  to  handle  the  lift  requirements 
at  the  other  flight  conditions.  One  criteria  that  may  affect  the 
wing  area  requirements  is  the  speed  at  which  the  propeller  must  be 
tilted  down  and  locked.  No  specification  has  been  established 
to  define  such  a  speed  and  there  does  not  appear  to  be  any  factor 
other  than  mechanical  that  should  establish  such  a  limitation.  In 
the  case  of  the  X-19  the  speed  for  conversion  was  160  knots,  and 
at  a  gross  weight  of  13,660  lb.  the  angle  of  attack  required  was 
13.5°.  It  is  believed  that  the  speed  for  conversion  shculd  have 
been  higher  with  a  corresponding  lower  angle  of  attack. 

Unlike  a  conventional  airplane  where  the  wings  supply  all  the  nec¬ 
essary  lift  for  flight,  a  VTOL  airplane  must  have  direct  lift  pro¬ 
duced  from  the  expenditure  of  power  to  supplement  the  wing  lift. 
This  lift  must  be  supplied  in  ever  increasing  amounts  as  the  speed 
is  reduced  toward  zero  until  at  hover  all  the  lift  is  supplied  by 
a  direct  conversion  of  power  and  thru  it. 

When  the  propeller  is  tilted  up  the  required  lift,  over  and  above 
that  supplemented  by  the  wing,  is  obtained  from  the  thrust  and  the 
radial  force  vector.  The  variation  with  speed  of  the  wing  lift, 
thrust  and  radial  force  is  shown  on  Figure  10  for  the  X-100,  a 
VTOL  aircraft  with  a  wing  loading  of  16C  psf.  At  the  low 
flight  speeds,  high  tilt  angles  must  be  maintained  so  that  the 
required  lift  can  be  generated  by  the  propeller  thrust.  As  the 
wings  pick  up  lift  from  forward  motion  of  the  aircraft,  the  tilt 
angle  can  be  reduced  so  that  the  propellers  start  to  generate  lift 
through  radial  force.  This  builds  up  to  a  peak  of  approximately 
267.  of  the  required  lift  at  160  MPH. 

The  variation  of  lift  between  the  front  and  rear  propellers  and 
wings  is  shown  ior  an  equilibrium  transition  of  the  X-19  on  Figure 
11.  As  in  the  case  of  the  X-100  the  propellers  are  supplying  a 
large  portion  of  the  lift  requirement  from  radial  force  at  speeds 
of  100  to  160  knots.. 

For  lifting-propeller  VTOL  aircraft  the  tilt  angle  necessary  at 
any  given  speed  will  be  dependent  on  the  following:  - 

(1)  Wing  loading 

(2)  Propeller  disk  loading 

(3)  Radial  propeller  force 

(4)  Power 

(5)  Aircraft  angle  of  attack 

(6)  Acceleration 

At  a  given  speed  and  tilt  angle,  an  increase  in  propeller  radial 
lift  will  reduce  the  wing  area  required,  or  the  aircraft  angle  of 
attack,  or  the  propeller  tilt  angle  while  increasing  the  power. 
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Figure  10.  Curtiss-Wr igh t  X-100  distribution  of  propeller  and  airplane 
component  lift  distributions  through  equilibrium  transition; 
G.W.  3500  lbs.,  1240  RPM,  afus  =  5'.  Determined  from 
model  wing  tunnel  test  data. 
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Figure  11.  X-19,  distribution  of  propeller  and  airplane  component  lift 

distributions  through  equilibrium  transition;  G.W.  12300  lbs. 
Determined  from  powered  model  wind  tunnel  test  data. 
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5  tree  the  power  re  "tired  is  less  tha*-  thee  ne.-essa’-y  for  hovering.- 
1  lie  increased  radiai  lift  is  more  than  needed.  By  increasing  the 
drag  vector  che  power  ca:t  oe  add<_d  increase  torusc  and  there¬ 
fore  lilt,  and  so  i "■  a  secondary  wav  the  radial  force  dr~g  com- 
ponert  is  imnortant  in  eupplvirg  life  tc  the  overall  configuration. 

It  should  be  realias-'J  thst  ;<  low  speeds,  when  the  propeller  is 
producing  high  radial  force  v_  a  high  angle  >•  f  attack,  che  I..v  of 
the  p~cpeller  is  poor.  For  ir-‘;:,3nce  st  45“  the  i./D  cf  the  propel¬ 
ler  radial  force  is  orly  one  However during  the  conversion 
d  ‘newer  the  lift  r'-at  ca,-  be  uroi.ic.id  is  much  more  important  •'hen 
T  since  little  cine,  and  therefore  fuel,  is  required. 

It  is  apparent  t'^it  >.f  the  schedule  of  shaft  angle  of  attack  and 
sf.  were  p~operiy  chosen,  the  conversion  could  be  accomplished  with¬ 
out  the  wins,  ins  -peel  at  which  conversion  would  be  completed 
would  be  high:  ct  course  trim  moments  still  have  tc  be  provided. 

The  wing  ‘.run.  does  net  have  to  be  chosen  to  provide  lift,  if  the 
propellers  con  he  operited  at  any  Aq.  This  is  the  problsm,  as  the 
stresses  in  the  nlades  are  a  direct  function  of  the  Aq  encountered 
(set.  Section  5.'"0- 

It  is  therefore  necessar;  to  examine  the  wing  ar°a  and  nropeller 
Aq  In  combination  to  la  sure  ’hst  c.:e  total  wing  lift  is  adequate 
to  keep  the  propeller  lift  sod  stress  require:  ents  witnm  bounds. 

The  pronelier  forces  produced  during  the  conversion  conditions  can 
be  reduced  for  coefficients  similar  to  lift  and  drag  instead  of 
the  usual  propeller  thrust  and  r.crmci  force  coefficients  as  fcl- 

i  JW  S  I 


c 


L 


■D 
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T  sin  A  ->  N  cos  A 
qsp 


and 


where  T 

1/2  pVj 


r  ,  -  I  cos  A  -  N  sin  A 

‘  -  p  q 

q  3P 

=  shaft  thrust;  N  =  normal  fore 
;  Sp  =  prop  disk  area;  and  A  - 


q  =  dynamic  pressure, 
shaft  angle  of  attack. 


At 


given  propeller  advance  ratio, 


CL?  snci  CXC 


can  bs  plotted 


against  shaft  angle  of  attack  in  a  manner  similar  to  that  of  a 
wir.g  (Figure  12)..  Unlike  a  wing,  however,  the  variation  of  the 
propeller  lift  and  total  thrust  forces  have  no  sudden  force  breaks. 
For  this  reason  it  is  believed  that  with  a  properly  designed  VTOL 
aircraft  the  propellers  will  not  cause  any  sudden  breaks  in  the 
lift  at  any  flight  conditions.;  As  a  result  the  conversion  char¬ 
acteristics  should  be  smooth  for  the  tilt  propeller  v/STOL 
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Figure  12,  Propeller  lift  and  accelerating  thrust  variation  with  "A" 
angle;  wind  axis  coordinates. 
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aircraft.-  This  was  demonstrated  with  the  X-100  aircraft. 


d.  Summary 

In  summary  the  propeller  operating  with  radial  force  makes  it  pos¬ 
sible  to  design  a  VTOL  airplane  incorporating  the  wing  area  neces¬ 
sary  for  optimum  cruise  flight  at  any  condition  or  series  of  con¬ 
ditions.  This,  coupled  with  the  stall  free  characteristics  with 
changes  in  shaft  angle,  make  the  high  radial  lift  propeller  a 
useful  and  efficient  device  for  V/STOL  airplanes. 

4.  CORRELATION  OF  CALCULATED  AND  TEST  RESULTS 

Using  the  theory  given  in  (6)  the  radial  force  was  calculated  for  a  num¬ 
ber  of  points  as  shown  in  Table  II  and  compared  to  the  test  data  of  (8) 
and  (9).  As  noted  from  Table  II  fair  agreement  between  the  test  and  cal¬ 
culated  points  are  obtained  for  shaft  angles  up  to  20°.  Further  compari¬ 
sons  between  the  data  obtained  with  the  X-100  propeller,  (9),  are  shown 
on  Figures  13  to  18.  From  these  comparisons  it  appears  that  fairly  good 
accuracy  is  obtained  by  calculation  up  to  angles  of  45°.  At  angles  above 
45°  the  tests  indicate  higher  levels  of  radial  force  than  calculated. 

Although  good  success  was  obtained  in  the  calculation  of  radial  force,  it 
was  still  not  possible  to  calculate  the  level  of  force  at  angles  above  45° 
with  any  degree  of  accuracy.  For  this  reason  when  determining  the  perfor¬ 
mance  of  the  X-19,  propeller  test  data  were  used. 
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Table  II.  Comparison  between  calculated  and  test  values 
of  radial  force,  N. 

10- (3)  (062) -045  Blade  B  -  3  D  -  10'0" 

400  wnD 


J 

Cp 

A° 

N,  IBM 

r— — — 

N,  Test 

2.3 

.248 

10° 

403 

410 

7..15 

.129 

O 

O 

pH 

82.2 

88 

1.15 

.129 

20° 

161 

193 

1.15 

.247 

10° 

97.5 

102 

1.15 

.24: 

20° 

193 

224 

2.3 

.210 

10° 

396 

444 

2.3 

.210 

20° 

767 

975 

2.3 

.248 

10* 

403 

453 

2.3 

00 

CM 

• 

20° 

783 

995 

3.46 

.248 

10* 

964 

1090 

3.46 

00 

CM 

• 

o 

O 

CM 

1881 

2395 

3.46 

.438 

10° 

997 

1125 

3.46 

. — i 

.438 

20° 

■  - 

1957 

2455 

44 


1.-KITO  STATU  GOVEAHWE  CONTRACT  Ar»|»IH->M0.  SHALL  NOT  BE  ETHW  AEIEASED  OUTSIDE  THE  GOVERNMENT.  O*  USED. 

WHOLE  ok  IN  PART  ro.  MANUFACTURE  OR  PROCUREMENT,  WITHOUT  THE  WRITTEN  PERMISSION  or  CURTISS*  WRIGHT  COA- 

ucc^or«m£eagc£ct  repair  oa  overhaul  woaa  at  oa  toa  the  government.  where  the  item  oa  process  is  not  otherwise  ae. 

TO  SUABLE  TIMELT  PEA  FOAMANC  E  Of  THE  WORK.  OA  (II)  RELEASE  TOA  fOAEICH  GOVEANMENT.  AS  THE  INTERESTS  Of  THr  UNITED 
MB  Lir  VroLlfE  »StS»ED  THAT  IN  EITHEA  C  SE  THE  RELEASE  USE.  DUPUCATION  OA  DISCLOSURE  HEREO-  SHALL  BE  SUBJECT  TO  THE  FOAECOINC 
jj^jT A xiOKS  TKtS  LEGEND  SHALL  »E  MARKED  ON  A  <T  REPRODUCTION  KEAEOr  IN  WHOLE  O*  IN  PART." 


Figure  13.  Normal  force  coefficient  as  a  function  of  advance  ratio 

perpendicular  to  the  propeller  disk; 3(X100188)  blade,  dia. 
10  ft.  AF  *  188,  ICL,  =  0.068;  A  *  15". 
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Figure  14.  Normal  force  coefficient  as  a  function  of  advance  ratio 

perpendicular  to  the  propeller  disk;  3(X100188)blade,  dia. 
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Figure  15.  Normal  force  coefficient  as  a  function  of  advance  ratio 

perpendicular  to  the  propeller  disk;  3(X100188)  blade,  dia.  * 
10  ft.  AF  -  188,  ICLi  =  0.068;  A  -  45°. 
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Figure  16.  Normal  force  coefficient  as  a  function  of  advance  ratio 

perpendicular  to  the  propeller  disk;  3CX100188)  blade,  dia. 
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Figure  17.  Normal  force  coefficient  as  a  function  of  advance  ratio 

perpendicular  to  the  propeller  disk;  3(X100188)blade,  dia.  * 
10  ft.  AF  *  188,  ICL  »  0.068;  A  =  75°. 
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Figure  18.  Normal  force  coefficient  as  a  function  of  advance  ratio 

perpendicular  to  the  propeller  disk; 3(X100188)  blade,  dii. 
10  ft.  AF  -  188,  ICLi  -  0.068;  A  -  85°. 
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SECTION  III 

WING- PROPELLER  INTERFERENCE  EFFECTS 


SECTION  III  NOMENCLATURE 


A 

propeller  thrust  line  angle  of  attach  =  8  +  a  f, 

degrees 

C 

wing  Chord 

ft 

CD 

drag  coefficient  in  wind  axes  =  D/qSw 

C(J0 

wing  drag  coefficient 

cl 

lift  coefficient  in  wind  axes  =  L/qSv 

Cm 

pitching  moment  coefficient 

Cm  a 

slope  of  pitching  moment  coefficient  versus  Qf 

CP 

power  coefficient  =  550HP/^>n3D^ 

CT 

thrust  coefficient  =  T/p  n2Dp 

cx  =-Cd 

force  coefficient  in  wind  axes  equal  to  C[)  but  with 
positive  orientation  opposite  to  Cq 

D 

drag  of  airplane  or  wing  in  presence  of  propeller, 

lb 

De 

effective  wing  drag, 

lb 

Dp 

propeller  diameter, 

ft 

w 

slipstream  diameter  in  final  wake, 

ft 

h/Dp 

height  above  ground  in  propeller  diameters 

HP 

horsepower 

Jo 

propeller  advance  ratio  in  the  wind  axes  =  V/nDp 

Kl 

Dw/DP 

*2 

Tq/T 

L 

lift, 

lb 

n 

propeller  speed, 

rPs  0 

q 

dynamic  pressure  =  ‘spv2, 

lb/ft2 

Re 

Reynold's  Number 

ft2 

sp 

propeller  disk  area, 

sw 

wing  area  washed  by  propeller, 

ft2 

Sw 

wing  area, 

ft2 

Tc 

thrust  coefficient  in  propeller  axes  =  T/qSp 

T 

propeller  axial  thrust, 

lb 

Tl 

propeller  axial  thrust  in  influence  of  Wing 

V 

average  axial  velocity  through  propeller, 

ft/ sec 

v 1 

average  axial  velocity  in  fully  developed  wake 

ft/ sec 

V 

velocity, 

ft/ sec 

X' 

average  axial  velocity  on  final  wake, 

ft/ sec 

°f 

fuselage  angle  of  attack  (Referenced  to  WL  100), 

degrees 

& 

propeller  blade  angle  of  attack  at  .691  propeller 

radius , 

degrees 

V 

propeller  efficiency 

P 

air  density, 

lb-sec2/ f t^ 

0 

propeller  cilt  angle  (Referenced  to  WL  100), 

degrees 

St 

flap  angle 

degrees 

z 

distance  from  propeller  disk  to  wing  surface 

inches 

Subscrit 

)t  s 

F 

front  Propeller 

R 

rear  Propeller 

0 

f  ree  A i r 

5 

in  presence  of  wing 
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WING-PROPELLER  INTERFERENCE  EFFECTS 


I.  INTRODUCTION 


One  of  the  most  serious  hover  problems  encountered  with  fixed  wing  tilt 
propeller  VTOL  Aircraft  is  the  Lift  loss  due  to  the  high  slipstream  ve¬ 
locity  of  the  propeller  impinging  on  the  wing.  This  causes  a  high  wing 
drag  which  reduces  the  overall  lift  generated  by  the  propeller.  Since  the 
lift  loss  is  caused  by  drag,  it  is  a  function  of  the  slipstream  velocity 
(and  thus  the  propeller  loading),  the  projected  wing  area  in  the  slip¬ 
stream,  drag  coefficient  of  the  wing  and  the  distance  of  the  wing  aft  of 
the  propeller  disk.  In  addition  since  the  wing  produces  blockage  of  the 
propeller  slipstream  it  can  also  affect  the  overall  propeller  thrust  which 
is  an  important  factor  when  determining  the  download  by  test. 

2.  LIFT  LOSS  IN  HOVER 

a . 

Theory 

Consider  a  propeller  mounted  above  a  wing  as 

shown  in  Figure  19. 

By  the  simple  momentum  theory 

V  * 

T  =/,Sp  ^  v'  ;  since  v'  =  2v 

(1) 

I  =  „ 

2  Sp  q 

(2) 

Now  the  drag  on  the  section  in  the  prop  v>:  '<e 
a  rectangular  wing. 

is  assuming 

D  =  Cn  q  sw 
uo 

(3) 

T1  Dw 

D  "  h>o  h  °  ~ 

(4) 

D  „  C  °P 

Tr  _  ^o  Sp  T  K1 

(5) 
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For  the  X-L9, 

D/Tl  =  .18  CDo  (rear  wing-X-19) 

D/T^  =  .112  (fron*-  wing-X-19) 

D/^  =  .102  C^o  (front  wing-X-100) 

The  drag  coefficient  used  in  Equation  (5)  and  (6)  is  a  function  of 
the  following  parameter:' 

a)  Aspect  ratio  of  immersed  body  (prop  radius  to  chord  ratio). 

b)  The  flap  deflection  angle  8^. 

The  wing  can  cause  considerable  blockage  of  the  propeller  wake 
which  influences  the  performance.  Therefore  when  calculating  the 
effective  download  D/T0  the  change  in  the  propeller  performance 
due  to  the  presence  of  the  wing  must  be  considered. 

Tests  at  the  static  condition  by  the  NACA  reference  13. b  have 
indicated  that  the  blockage  causes  an  increase  of  thrust  which 
helps  reduce  the  overall  download.  If  K.2  is  the  ratio  of  the  in¬ 
increase  of  thrust  then  the  effective  loss  due  to  download  is  ex¬ 
pressed  by  the  equation 


K2  /  Ti  \ 

De  -  To  (D  -  r2  <K2  -  *>)  (7> 

The  factor  K2  is  dependent  on  the  area  and  distance  of  the  blockage 
from  the  propeller  disk. 

b.  Download  Test  Data 

The  drag  coefficient  of  the  wing  and  blockage  effect  on  the  pro¬ 
peller  performance  must  be  determined  from  test  data,  so  that  the 
effective  download  performance  can  be  calculated.  The  only  data 
available  is  that  given  in  (10)  and  (11).  These  data  were  used 
to  estimate  the  download  loss  for  the  X-100  airplane.  Download 
data  were  determined  from  tests  of  the  15%  scale  model  and  full 
scale  airplane  and  are  obtained  from  a  combination  of  unpublished 
information  and  data  appearing  in  (12).  These  test  data  are  sum¬ 
marized  on  Figure  20  and  indicate  t^e  download  was  higher  than  the 
predicted  value.  The  data  measured  on  the  full  scale  X-100  air¬ 
plane  were  obtained  by  measuring  the  total  thrust  with  the  wing 
chord  parallel  and  normal  to  the  direction  of  the  slipstream 
velocity  vector.  When  the  wing  was  perpendicular  to  the  stream 
vector  the  flap  was  deflected  45°  to  determine  the  effects  of  flap 
angle  on  the  download  lossi 
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WING 


-19,  rear  wing  nomenclature. 


The  result  of  these  tests  are  shown  on  Figure  20  as  De/T|.  The 
actual  magnitude  of  the  drag  is  not  known  as  the  value  of  K2  was 
not  determined.  The  data  from  the  model  tests  appear  to  agree 
quite  well  with  the  full  scale  results  in  spite  of  the  large 
change  in  Reynolds  Number  and  disk  loading  between  the  two  tests. 
In  the  range  of  disk  loading  of  16  to  22  psf.  the  download  ratio 
appears  to  be  nearly  constant.  Also  deflection  of  the  flap  has  a 
large  affect  on  the  magnitude  of  the  download  as  was  indicated  in 
the  XV-3  testing  (11) . 

To  determine  the  download  losses,  full  scale  pressure  measurements 
were  taken  on  the  port  rear  wing  of  the  No.  1  X-19  aircraft  during 
Ground  Run  No.  244.  The  pressure  pick-up  system  consisted  of 
multitube  straps  adhered,  chordwise,  to  the  wing  surface  at  five 
spanwise  locations. 

Figure  21  shows  these  locations  and  their  positions  in  terms  of 
propeller  radius,  R,  and  Figure  22  shows  Lhe  corresponding  chord- 
wise  location  of  the  pressure  holes.  The  tests  were  conducted 
with  the  propeller  operating  at  approximately  a  diameter  off  the 
ground,  Figure  23. 

Atmospheric  conditions  were  recorded  manually  and  transverse  shaft 
torque,  net  thrust  component,  propeller  speed,  blade  angle,  rear 
nacelle  tilt  angle  and  control  surface  deflections  were  recorded 
on  the  aircraft  oscillographs . 

All  the  testing  was  done  with  only  the  rear  propellers  operating; 
but  the  test  did  cover  a  range  of  tilt  angles  and  disk  loadings. 
See  Table  III.  At  a  disk  loading  of  18.72  the  propeller  is  pro¬ 
ducing  the  required  thrust  for  hover  at  a  407,,  C.G.  location  and 
12,300  lbs  gross  weight. 

The  test  indicated  that  the  lower  surface  pressure  distribution  is 
basically  rectangular  in  shape  throughout,  with  the  wing  pressure 
coefficient  never  exceeding  approximately  0.40.  These  results  are 
in  agreement,  with  a  uniform  flow  field  around  a  two-dimensional 
airfoil  section  over  a  range  of  angles  of  attack  from  0°  to  180°. 

The  upper  surface  pressure  distribution  over  the  undeflected  por¬ 
tion  cf  the  wing  has  a  characteristic  shape  whose  magnitude 
changes  with  the  distance  from  the  propeller  shaft.  Within  the 
propeller  sweep  these  surface  pressures  are  greater  than  ambient 
and  reflect  the  propeller  slipstream  dynamic  pressure. 

The  distributions  outside  of  the  propeller  sweep  are  probably 
generated  by  a  combination  of  spanwise  and  chordwise  flows,  a 
detailed  examination  of  which,  at  this  stage,  appears  unnecessary. 
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Figure  21.  X-19,  rear  wing  download  test;  locations  of 

spanwise  pressure  stations. 
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Table  III.  X-19,  rear  wing  download  test  conditions. 


Test 

Condition 

Nacelle 

Angle 

(deg) 

Aileron 

Angle 

(deg) 

Blade 

Angle 

(de,i) 

CP 

CT 

Disk 

Loading 

T/Sp  -  lb/ft2 

1 

81.5 

57.0 

3.1 

0.0181 

0.0411 

4.55 

2 

81.5 

57.0 

13.1 

0.0682 

0.1503 

18.72 

3 

75.0 

53.9 

11.0 

0.0544 

0.1241 

15.90 

4 

70.0 

51.9 

10.4 

0.0515 

0.1195 

15.23 

5 

81.5 

57.0 

10.8 

0.0518 

0,1208 

15.05 
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However,  some  thought  may  be  given  to  the  distribution  around  the 
507.  chord,  Figure  24  for  the  inboard  station.  At  that  station  the 
upper  and  lower  surface  pressures  try  to  balance  out  through  the 
gap  between  elevator  and  wing,  whereas  at  station  4  (per  Figure  21) 
there  is  an  additional  effect,  due  probably  to  a  carry-over  of  the 
suction  peaks  from  the  deflected  aileron. 

Figure  25  shows  typical  spanwise  load  distribution  obtained  from 
integration  of  the  pressures. 

For  comparison  with  propeller  wake  dynamic  pressure  predictions, 
Figure  26  presents  the  wing  upper  surface  pressure  along  the  span- 
wise  line  through  the  propeller  axis.  This  shows  that  although 
the  correlation  achieved  is  not  absolute,  it  is  sufficient  to  show 
that  the  propeller  wake  dynamic  pressure  properties  are  the  major 
factors  affecting  both  the  distribution  and  magnitude  of  the  down¬ 
load  on  this  surface. 

Ground  effects  on  the  download  are  not  yet  fully  understood,  but 
it  is  most  likely  that  the  under  surface  of  the  aircraft  (and  hence 
wings)  will  be  subjected  to  the  most  influence.  This  influence 
depends  upon  the  aircraft  height  above  the  ground;  for  these  tests 
height  is  shown  in  Figure  23. 

The  download  on  the  X-19  is  composed  of  contributions  from  the 
fuselage  and  wings.  Because  the  download  is  a  result  of  propeller 
wash  and  related  aircraft  interferences,  the  major  contribution  to 
this  download  comes  from  the  wings,  and  in  particular  from  those 
portions  of  the  wings  swept  by  the  propellers. 

To  obtain  an  indication  of  the  download  generated  by  the  wings  the 
spanwise  loadings  were  integrated  from  wing  tip  to  wing  root  and 
the  results  plotted  in  Figure  27  as  a  percentage  of  actual  thrust 
measured  along  the  propeller  axis.  It  must  be  emphasized  that 
these  values  are  in  ground  effect  and  represent  exposed  wing  con¬ 
tributions  only.  The  total  download  must  be  obtained  by  integrat¬ 
ing  rrom  wing  tip  to  fuselage  centerline. 

The  download  values,  given  in  Figure  27  for  upper  and  lower  sur¬ 
faces,  diminis1'  for  disk  loadings  greater  than  approximately  14 
lb. /sq.ft.  As  escribed  elsewhere  herein,  this  is  of  doubtful 
validity  since  it  represents  the  sum  of  two  conflicting  itens  (i.e. 
ground  effect  and  download)  which  at  this  stage  cannot  be  investi¬ 
gated  separately.  As  a  partial  step  toward  this  separation  of 
effects,  the  upper  surface  pressures  only  were  integrated  to  find 
that  surface's  contribution  to  the  download.  This  is  because  it 
comes  primarily  from  direct  propeller  wash  impingement  and  i:hus 
would  be  less  affected  by  the  ground  effects. 
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Figure  25.  X-19,  effect  of  nacelle  tilt  angle  on  the  spanwise 

loading,  rear  wing,  static  propeller. 
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Figure  27.  X-19,  download  on  the  rear  wing. 
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The  dcvmlcad  on  the  upper  surface  is  seen  from  Figure  27  to  repre¬ 
sent  approximately  half  of  the  measured  total.  The  trends  of 
download  losses  with  variations  of  disk  loading  should  not  be  taken 
as  absolute;  further  work  is  necessary  to  check  this.  The  varia¬ 
tion  of  jcwnload  with  propeller  tilt  at  small  angles  is  slight  but 
possesses  the  expected  trend  of  reduction  with  diminishing  pro¬ 
peller  tilt  angle. 

Since  the  download  is  generated  mainly  within  the  propeller  swept 
area,  it  was  considered  possible  that  alleviating  devices  might 
produce  noticeable  reductions  in  wing  downloads.  These  devices 
are  employed  to  equalize  the  upper  and  lower  surface  pressures  by 
channelling  the  upper  surface  air  of  high  pressure  to  the  sub¬ 
ambient  lower  surface. 

To  measure  the  download  losses  over  a  greater  range  of  conditions 
and  out  of  the  influences  of  the  ground,  tests  were  conducted  on 
the  Curtiss  static  thrust  test  rig  described  in  (13).  The  rig  was 
modified  so  that  the  thrust  of  the  propeller  could  be  measured  in 
the  presence  of  the  wing.  The  total  wirg  forces  produced  by  the 
propeller  slipstream  were  also  measured. 

Tests  were  run  to  investigate  if  various  combinations  of  flaps  and 
slots  could  be  used  to  reduce  the  download  losses.  The  planned 
tests  were  not  completed  but  enough  testing  was  done  simulating 
the  rear  wing  and  propeller  to  provide  useful  data;  see  Figures  28 
through  32. 

The  effect  of  disk  loading,  tilt  angle,  and  aileron  angle  are  shown 
in  Figures  28  and  29  for  nacelle  angles  of  80°  and  90°.  The  re¬ 
sults  indicate  that  the  gross  download  ratio,  the  actual  measured 
drag  over  the  actual  measured  thrust  is  nearly  independent  of  the 
disk  loading  for  the  range  of  T/Sp  of  10  to  25  psf.  As  might  be 
expected  the  difference  in  download  due  to  changes  of  nacelle  tilt 
angle  are  small.  The  download  loss  is  reduced  considerably  by 
deflection  of  the  flap.  Figures  28  to  30.  This  would  be  expected 
due  to  the  reduction  of  wing  area  normal  to  the  propeller  wake. 

The  peak,  download  reduction  occurs  at  a  8^  of  90°  although  the 
difference  between  60  and  90°  is  very  small. 

A  comparison  of  the  performance  of  the  propeller  operating  with 
and  without  the  blockage  produced  by  the  rear  wing  of  the  X-19 
is  shown  on  Figure  31.  Sufficient  data  were  not  obtained  to 
fully  define  the  trend.  A  relatively  large  increase  in  thrust 
due  to  blockage  is  evident.  The  trend  shown  for  changes  in  flap 
angle  and  disk  loading  are  not  necessarily  conclu.  '.ve,  as  the 
data  are  too  meager  to  fully  substantiate  such  a  tr^nd.  Pre¬ 
sumably  the  blockage  does  increase  the  thrust  at  a  given  power 
in  a  manner  similar  to  that  in  which  ground  effect  increases 
thrust.  This  effect  results  in  a  thrust  3  or  4%  higher  than 
would  be  measured  without  blockage.  This  increase  in  thrust 
has  been  observed  in  the  static  testing  of  propellers  and  is 
discussed  in  (13).  Further  testing  is  required  to  more  fully 
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Effect  of  Lending  Edge  Undersurface  Slat 
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Figure  32.  X-19,  effect  of  slats  and  aileron  nose  piece  on 

measured  dovmload. 
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understand  its  meaning  and  effects  on  the  download  problem 

The  increased  thrust  caused  by  blockage  helps  to  reduce  the  down¬ 
load  losses.  For  example,  let  us  say  that  the  thrust  increase  is 
47,.  Therefore,  =  1.04,  and  the  effective  download  for  the  rear 

wing  of  the  X-19  becomes  approximately  10.57,  at  a  flap  angle  of 
60°  rather  than  157,  as  indicated  by  the  direct  measurements. 

c.  Predicted  Download 

The  method  used  and  the  download  losses  predicted  for  the  X-100 
airplane  are  given  in  (10)  and  (11).  An  adjustment  was  made  in 
the  data  to  agree  with  published  XV-3  test  data.  The  effects  of 
propeller  blockage  are  not  considered  in  these  data.  Based  on  the 
test  data  run  full  scale  with  the  X-100  airplane  and  shown  on 
Figure  20,  the  original  predicted  download  losses  appeared  much  too 
low.  The  test  data  indicate  a  loss  of  117,  with  no  flap  deflec¬ 
tion  compared  with  the  predicted  value  of  7.77,.  With  the  flap 
deflected  45  the  test  shows  a  loss  of  67,  in  contrast  with  a  pre¬ 
dicted  loss  of  3.47,  with  a  flap  setting  of  60°. 

The  predicted  download  loss  on  the  X-19  airplane  was  based  on  the 
data  given  in  Figure  20.  It  was  assumed  that  the  ratio  of  thrust 
increase  due  to  blockage  is  the  same  for  both  front  and  rear  wings. 
The  predicted  download  loss  for  the  front  is  6.57.  and  the  rear 
wing  9.57,,  both  with  the  flaps  deflected  to  60  .  This  gives  an 
average  loss  due  to  download  of  8.87,  for  the  average  take-off  C.G. 
of  42.87..  The  drag  coefficient  based  on  equation  5  for  the  rear 
wing  was  0.58  and  the  corresponding  coefficient  for  the  front  wing 
is  0.53.  The  difference  in  drag  coefficient  is  due  to  the  size  of 
the  flap  on  the  front  wing  which  results  in  less  area  for  blockage, 
and  consequently  reduces  the  download. 

3.  PERIODIC  FORCES  ON  WINGS  AND  PROPELLERS  IN  HOVER 

The  wing  operating  in  the  slipstream  of  the  propeller  will  experience 
periodic  forces  due  to  the  unsteady  nature  of  the  flow.  When  the  airplane 
is  hovering  it  is  expected  the  forces  would  peak.  The  periodic  forces  are 
a  function  of  the  variation  of  velocity  due  to  the  presence  of  the  propel¬ 
ler  blades,  as  contrasted  with  a  true  disk.  The  frequency  of  the  variation 
of  force  would  be  three  times  propeller  rotational  speed  for  the  three - 
blade  propeller  used  on  the  X-19.  The  variation  of  velocity  from  the  mean 
was  measured  with  a  hot  film  anemometer  as  reported  in  (13).  These  meas¬ 
urements  indicated  the  velocity  peaks  were  approximately  107.  above  the 
minimum  level  and  are  quite  abrupt  in  character.  The  measurements  with 
pressure  tubes  on  the  rear  wing  showed  little  variation  of  pressure,  which 
tends  to  confirm  the  hot  film  data. 

From  the  test  results  it  is  expected  the  periodic  forcing  function  would 
be  small  and  be  important  only  in  creating  a  resonance  condition  in  the 
structure  of  the  movable  control  surfaces.  This  situation  was  encountered 
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with  the  X-19  aircraft  where  trouble  was  experienced  with  a  bracket  holding 
the  aileron.  The  difficulty  was  fixed  by  detuning  the  bracket  from  the 
3XP  periodic  force.  In  the  investigation  of  this  problem,  measurements  of 
the  frequency  were  made  at  the  supporting  bracket,  confirming  the  3XP  fre¬ 
quency  of  periodic  force. 

The  effect  of  the  wing  on  the  propeller  when  the  aircraft  is  hovering  was 
found  to  be  small,  from  analysis  of  fight  test  records.  Outboard  on  the 
blade  a  1XP  blade  stress  was  measured  of  +  600  psi,  whereas  the  allowable 
is  over  4,000  psi.  A  shank  1XP  stress  of  3,000  psi  was  measured  whereas 
the  allowable  is  20,000  psi. 

From  the  results  of  the  download  tests  it  will  be  noted  that  the  propeller 
indicates  an  increase  of  thrust  due  to  the  wing  blockage,  as  on  Figure  31. 
For  this  reason  it  appears  reasonable  that  the  wing  could  induce  a  1XP 
stress  in  the  blades  while  the  airplane  is  hovering.  This  stress  is  of 
little  importance  to  the  design  of  the  propeller. 

4.  SUMMARY  OF  FORCES  -  WINGS  AND  PROPELLERS 

a.  Wings  and  Propellers  -  Out  of  Ground  Effect 

A  reasonable  determination  of  wing,  propeller  and  fuselage  inter¬ 
ference  effects  for  the  X-19  has  been  obtained  from  (14).  The 
wind  tunnel  data  proved  difficult  to  analyze  for  power  effects; 
therefore,  a  suitable  parameter  was  employed  to  linearize  all  data 
at  a  given  "A"  angle. 

The  propeller  thrust  coefficient  (Tc)  proved  to  be  the  device  for 

providing  a  single  effective  function  with  reasonable  data  scatter. 
The  data  were  collected  at  "A_,"  angles  from  16  to  90  for  the 

lift  coefficient  (C  )  of  the  front  and  rear  wing  plus  the  propel- 
L 

lers.  These  are  plotted  vs.  T  .  In  addition,  C  of  the  props  was 

\j  ij 

plotted  for  corresponding  ’’A"  angles. 

The  drag  coefficient  was  handled  in  a  similar  manner.  A  consistent 
grouping  of  data  was  obtained  to  facilitate  fairing  slopes  or 
curves.  Where  noted,  data  were  taken  at  two  velocities.  In  these 
instances,  a  effect  could  be  expected.  The  shaded  points  of  the 

higher  velocity  appear  higher  at  A  =  76  however,  there  aren't 

F 

enough  corroborating  facts  at  other  "A"  angles  to  support  a 
definite  Rg  effect.  Figures  33  through  36  are  selected  curves 

from  which  one  can  see  the  nature  of  these  effects. 
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Front  Props  Thrust  Coefficient  -  Tc/Props 


Figure  33.  X-19,  lift  coefficient  of  front  propellers  and  front  wing 

plus  propellers  as  a  function  of  thrust  coefficient. 
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Figure  34.  X-19,  lift  coefficient  of  rear  propellers  and  rear  wing  in 

present  of  front  wing  plus  front  propellers  as  a  function 
of  thrust  coefficient. 
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Figure  35.  X-19,  drag  coefficient  of  front  propellers  and  front 

wing  plus  propellers  as  a  function  of  thrust  coefficient. 
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Figure  36.  X-19,  drag  coefficient  of  rear  propellers  and  rear  wing 

plus  propellers  as  a  function  of  thrust  coefficient. 
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To  provide  a  more  common  device  for  comparison,  derivation  of  a 
suitable  power  parameter  was  accomplished  as  follows. 


TV 

5507) 


=  HP  (Horse  Power) 


Tc  (h  PV2)  Sp  V  Cp  P  n3JpJ 
550V  =  550 


Tc  =  K^CCp/J3) 


Where  K  =  8/  ir 


the  thrust  and  power  data.  Figures  37  and  38  contain  plots  of 
these  parameters  at  constant  "A"  angles,  and  show  relatively  small 
data  scatter.  Therefore  a  relationship  is  apparent  for  the  tilted 
propeller  which  ties  the  estimation  of  lift  and  drag  power  effects 
to  these  parameters.  Figure  39  is  a  c^oss  plot  of  the  two  pre¬ 
vious  curves.  This  form  is  of  considerable  interest,  in  that  it 
describes  a  simple  picture  of  tne  front  wash^effect  upon  the  rear 
propeller.  Note  that  the  parameter,  (C  /  J  ) ,  is  proportional  to 
3  P 

HP  /V  .  Thus  for  a  fixed  horsepower  and  velocity,  one  can  see  how 
the  thrust  (proportional  to  T  )  varies  with  "A"  angle.  On  the 

front  propeller,  thru.  increases  rapidly  at  "A"  angles  above  45 
while  on  the  rear,  only  small  changer  occur.  From  the  stability 
consideration,  this  is  undesirable;  however,  it  is  common  to  all 
tandem  lifting  bodies  and  cannot  be  completely  avoided.  It  is 
this  characteristic  which  has  been  found  to  be  responsible  for  the 
unstable  C  (per  wind  tunnel  results)  of  the  X-19  at  the  high 
ma 

tilt  angles  and  low  advance  ratios. 

During  flight  test,  there  was  little  indication  of  static  insta¬ 
bility  in  the  region  indicated  by  tunnel  tests  ( 0  p  -*  82.5°, 

V  =  50  knots).  However,  specific  tests  to  determine  this  were  not 
performed.  Consequently,  a  correlation  between  model  and  full 
scale  characteristics  was  never  established. 


Later  data  of  (15)  indicated  that  curves  of  T  vs  (C  /  3)  are  not 

c  *  J 

independent  of  /3  con  at  a  given  0  ,  <Jf  .  This  would  suggest 
that  some  of  the  single  line  curves  which  appear  to  have  scatter 
in  the  points  should  be  several  curves  which  are  nearly  colinear. 
(See  Figures  37  and  38).  It  is  also  known  that  propeller  lift 
efficiency  varies  widely  with  TrnD  at  the  higher  "A"  angles.  Yet 


if 


a  single  curve  is  drawn  for  C  vs.  (C  /  3)  (at  a  given  A  angle) 

Li  p  J 
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Figure  37.  X-19,  front  propeller  thrust  coetf f.cie-at  as  a  function 

of  power  parameter,  Cp/J3. 
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X-19,  rear  propeller  thrust  coefficient  as  a  function 
of  power  parameter. 
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the  lift  will  be  independent  of  ^nD^.  Therefore,  the  single  line 

can  only  be  an  approximation.  (16)  describes  the  most  recent 
analysis  of  an  isolated  propeller  plotted  in  the  Cp/^3  parameter. 

Figures  40  and  41  are  taken  from  this  report  to  illustrate  the 

non-colinear  characteristics.  For  practical  considerations,  in 

selecting  the  operating  conditions  of  the  propeller,  one  achieves 

a  near  optimum  setting  throughout  the  flight  regime.  Consequently, 

as  one  moves  along  the  C  /  3  curve,  T  will  fall  close  to  the 

p  J  c 

envelope  curve  (a  single  line).  For  this  reason,  the  single  line 
presentations  shown  in  Figures  37  to  39  are  quite  indicative  of 
the  "trends"  and  general  efficiency  levels  at  which  the  propellers 
are  operating. 


Note  further  that  this  approximating  technique  has  represented 

the  entire  T  ,  A,  J  and  C  interrelationship  regime  on  one  sheet 
c  p 

of  curves  (Figure  39). 

Of  more  value,  however,  are  the  C  and  C  (or  -C  )  of  the  propel 

Li  D  X 

lers.  That  information  is  given  in  Figures  42  and  43,  where: 

CL  =  [\c  ain(0  +  af)  +  Nc  cos  (0  +  af)J 

2 

Cx  =  “CD  3  [Tc  COS(0  +  af>  ■  Nc  8in(0  +  af>]  ~^g - 


The  term,  N^,  is  the  propeller  normal  force  coefficient  defined  in 

the  same  manner  as  T^.  These  data  represent  some  of  the  earlier 

information  obtaired  for  the  X-19  front  and  rear  propellers.  Some 
later  propeller  data  have  been  obtained  from  recent  wind  *-unnel 
tests;'  unfortunately,  time  did  not  permit  correlation  of  these 
data  with  that  shown  here.  In  simple  spot  checks,  it  was  found 
that  the  trends  shown  in  Figure  39  are  still  valid.  However,  the 
absolute  level  of  thrust  (at  fixed  power)  appears  to  be  higher. 


The  wing  forces  are  the  next  phase  of  this  discussion.  This  is 
separately  treated  as  the  lift  and  drag  of  the  wings  without 
propellers,  and  the  power  effects  ot  the  propellers  upon  the  wings. 


The  propeller-off  wing  forces  are  normally  represented  by  a  CT 

la 


and 


C  vs  c  .  curve.  However,  the  small  size  of 
D  i 

struts)  maxes  them  sensitive  to  the  presence 

The  nacelles  for  one,  a  e  sufficiently  large 

interference.  Thus,  curves  of  n  and  C  are 

u  D 


the  wings  (lift 

of  nearby  bodies, 
to  cause  considerable 
given  as  a  function 
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Figure  41.  Propeller  156109,  thrust  coefficient  as  a  functior  of 
power  parameter.  Tilt  Angle  A  -  75° 
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Figure  43.  X-19,  variation  of  rear  propeller  lift  and  thrust 

coefficient  with  thrust  axis  angle  of  attack. 
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of  nacelle  tilt  angle  and  angle  of  attack  in  Figures  44  through 
47.  Note  the  diminished  lift  and  increased  drag  at  the  high  tilt 
angles.  This  is  attributed  to  wing  tip  stall  induced  by  the 
nacelle,  as  reported  in  (17)  and  (18),  and  shows  that  maximum 

occurs  in  the  vicinity  of  10°  <  0  <  20°.  Both  wings  are  Q 

referenced  to  the  airplane  area  rather  than  individual  wing  areas. 
Furthermore,  both  wings  generate  approximately  the  same  lift;  yet 
the  rear  wing  is  twice  the  size  of  the  front.  This  merely  reflects 
the  large  downwash  to  which  the  rear  wing  is  subjected  by  the 
front  wing  and  propeller  when  installed  on  the  aircraft. 

Included  in  these  results  is  the  fuselage- induced  wash.  r'-is 
manifests  itself  as  an  upwash  field  on  the  front  wing  and  a  dowr.- 
wash  field  on  the  rear  wing.  A  more  comprehensive  discuss  ■'on  of 
fuselage  induced  wash  is  given  in  Section  X.2.k.  Aileron  and  flap 
angles  are  zero  throughout. 

The  effects  of  propeller  wash  upon  the  wings  is  highly  pronounced 

and  is  clearly  a  function  of  propeller  tilt  angle  (with  respect  to 

wing)  and  disk  loading  coefficient  (T  ).  The  results  are  given  in 

c  w 

Figures  48  through  51.  A  look  at  Figure  48  presents  some  inter¬ 
esting  perspective.  A  positive  lift  is  shown  acting  on  the  wing 
which  is  equal  to  or  greater  than  that  of  the  wing,  power  off. 

The  T£  was  computed  using  tunnel  data  run  at  40  mph  with  .3<J<.6 

For  zero  velocity,  T£  would  be  infinite;  however,  the  wing 

lift  would  be  negative.  Obviously  somewhere  between  0  <  J  <  .3 
the  prop  wash  shifts  aft  and  the  wing's  lift  goes  from  a  download 
(negative)  to  a  positive  lift,  and  even  a  positive  lift  increment 
above  the  established  CT  relationship.  Therefore,  these  curves 

La 

cannot  be  used  in  the  immediate  vicinity  of  the  hover. 

The  rear  wing  experiences  both  a  positive  and  negative  lift  in¬ 
crement  depending  on  the  tilt  angle.  Referring  to  Figure  49, 
note  a  large  download  at  the  high  "A"  angles.  Investigation  has 
shown  that  the  incremental  lifts,  positive  on  the  front  wing  and 
negative  on  the  rear  wing,  contribute  strongly  to  the  aircraft's 
pitch-up  moment  (trim)  progressing  from  hover  to  a  finite  forward 
velocity. 

Both  the  front  and  rear  wing  (Figures  50  and  51)  appear  to  exped¬ 
ience  a  drag-power  effect  at  the  high  tilt  angles  and  a  thrust  at 
the  low  tilt  angles.  This  would  seem  to  imply  high  suctions  on 
the  leading  edge.  For  practical  purposes,  this  thrust  is  of  small 
consequence  because  cruise  values  of  Tc  approach  zero  for  speeds 

not  much  in  excess  of  160  knots.  Also,  at  low  tilt  angles,  the 
parameter  (0+ap  does  not  clearly  define  the  wash,  as  the  power 
effects  will  vary  both  with  (0  +af  )  and  0.  However,  the  test 
data  did  not  provide  for  botn  of  these  parameters  to  be  varied. 
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Figure  46.  X-19,  variation  of  front  wing  drag  coefficient 

with  nacelle  tilt  angle,  propellers  off. 
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Figure  47.  X-19,  variation  of  rear  wing  drag  coefficient 

with  nacelle  tilt  angle,  propellers  off. 
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Figure  48.  X-19,  incremental  front  wing  lift  coefficient,  due  to  front 

propeller  wash,  with  variation  in  thrust  axis  angle  of  attack. 
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Figure  50.  X-19,  incremental  front  wing  thrust  coefficient,  due  to 

front  propeller  wash,  with  variation  in  thrust  axis  angle 
of  attack. 
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Figure  51.  X-19,  incremental  r-ear  wing  thrust  coefficient,  due  to  ell 

wash,  with  variation  in  rear  thrust  axis  angle  of  attack. 
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The  additional  Figures  52  througn  65  display  both  C  vs  af 

spanwise  lift  distributions  on  trie  rear  wing  as  functions  of  tilt 
angle  and  advance  ratio.  These  curves  have  been  prepared  from 
pressure  data  extracted  from  (15).  Figure  57  provides  a  check 
point  against  Figure  49.  For  example  at  0  =  16.9  ,  =  0  , 

(Figure  57)  the  A  ^  -0.06  due  to  power  effects.  Figure  49 

would  show  a  £C  c*  -0.07  at  r.0  +a  )  =  17°. 

I.  R  f 

b.  Wings  and  Propellers  in  Ground  Effect 

Figures  66  through  69  have  been  included  to  demonstrate  the  in¬ 
fluence  of  the  ground  on  the  propellers.  As  the  propeller  blade 
angles  are  constant  throughout  this  range  of  tests  one  finds  that 
power  absorption  is  influenced  by  the  ground  presence.  At 
J's  of  0.12  and  0.325,  the  front  and  rear  propellers  absorb  less 
power  as  the  ground  is  approached.  At  J  =  0.54  however,  a  re¬ 
versal  occurs  and  the  propellers  absorb  more  power  in  the  ground 
presence.  A  study  of  this  phenomenon  has  not  been  pursued.  How¬ 
ever,  it  is  believed  to  be  related  to  the  general  inclination  of 
the  wake . 

The  general  loading  of  the  front  propellers  and  unloading  of  the 
rear  propellers  with  increasing  angle  of  attack  sh*uld  be  noted. 
This  effect  has  been  observed  as  well  at  tilt  angles  lower  than 
the  hover  values  for  which  these  curves  are  plotted.  Additionally 
a  sharp  increase  in  thrust  and  power  on  the  rear  propellers  above 
angles  of  attack  of  twelve  degrees  was  evidenced.  Again,  it  is 
hypothesized  that  the  rear  propellers  are  passing  beneath  the  main 
core  of  the  front  wake-  The  aircraft  stability  is  expected  to 
increase  in  this  vicinity.  This,  in  fact,  is  the  case.  Ground 
presence  does  not  appear  to  alter  the  trend. 

As  the  blade  angles  aie  held  constant  throughout  the  range  of 
a  and  J,  a  condition  prevails  which  is  equivalent  to  fixed 

collective  pitch  as  well  as  stick  position.  It  is  obvious  that 
total  power,  and  its  distribution,  do  not  remain  constant  through¬ 
out  even  the  af  range.  To  fully  define  the  picture  it  would  be 

necessary  to  run  a  range  of  collective  and  differential  blade 
angles  so  that  lines  '■£  constant  power  and  stick  deflection  couJd 
be  defined.  Unfortunately,  tins  was  not  within  the  scope  of  the 
test  data.  One  additional  comment  is  made  concerning  the  thrust 
data;  it  does  not  always  appear  consistent  with  the  power  data. 
The  tendency  has  been  to  favor  the  power  data  and  to  regard  the 
thrust  intercepts  with  suspicion.  This  problem  has  consistently 
reared  itself  throughout  the  testing,  and  serves  to  illustrate  the 
..aution  required  in  data  interpretation. 

No  data  have  been  accumulated  to  determine  the  influence  of  ground 
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I  Figure  52.  X-19,  installed  rear  wing  lift  curve. 
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Figure  6>.  X-19,  installed  rear  wing  spanwise  lift  distribution. 


Figure  66.  X-19.  front  propeller  thrust  coefficient. 
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Figure  68.  X-19,  front  propeller  power  coefficient. 
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presence  on  the  wings.  A  reasonable  assumption  would  be  to 
suggest  that  it  resembles  the  trends  exhibited  by  the  propellers, 
at  least  with  respect  to  the  intercepts. 

c.  Net  Forces  and  Moments  In  and  Out  of  Ground  Effect 

The  source  of  transition  ground  effect  data  accumulated  on  the 
X-19  is  given  in  (19).  The  information  is  based  on  127.  model 
scale  and  is  quite  limited  in  nature.  For  example,  only  one 
collective  blade  angle  was  run  ( 0 co^  ~  10.45  )  for  a  range  of 

fuselage  attitudes  and  advance  ratio  (see  Figures  70,  71  and  72). 

At  first  glance,  one  notes  that  C^,  and  are  strongly  affected 

by  the  ground  effect.  A  closer  scrutiny  indicates  that  power  ab¬ 
sorption  has  also  changed,  so  that  a  collective  change  would  be 
required  to  maintain  constant  power.  As  this  is  not  available,  the 
ratio  of  CL/Cp  has  been  formed;  it  is  given  in  the  following  table: 


h/D 

J  =*  0.12 

0.32 

0.54 

1.0 

j  370 

61.3 

23.8  | 

5.34 

l  361 

54.6 

23.6  ) 

Lift  ground  effect  is  thus  shown  to  be  about  127.  at  J  =  0.3?.  and 
17.  at  J  *  0.541.  The  value  at  J  *  0.12  is  not  quite  correct  as 
the  IGE  and  OGE  runs  were  made  at  slightly  different  J's.  Small 
as  the  difference  is,  the  slope  CT  vs  J  is  sufficiently  large  to 

cloud  the  comparison  at  this  J.  The  predicted  ground  effect  at 
h/Dp  *  1,  for  static  operation  (J  *  0)  is  3.57..  By  definition 

h/Dp  *  1  means  that  wheel  height  is  equal  to  one  propeller  diam¬ 
eter  above  the  ground. 

Another  consideration  in  establishing  the  resultant  ground  effect 
upon  power  is  the  effect  of  h/Dp  on  the  drag  and  consequent 

fuselage  attitude.  Thus,  ground  effect  would  result  in  a  slight 
attitude  change  as  well  as  a  throttle  change.  Figure  71  shows  a 
positive  drag  for  the  entire  range  of  °£ug  plotted.  This  can  be 

corrected  by  nosing  the  fuselage  to  negative  attitudes  at  J  *  0.12, 
and  by  tilting  to  lower  nacelle  angles  for  the  higher  values  of 
J.  At  negative  values  of  a£us  the  ground  effect  tends  to  decrease 

the  drag.  As  it  also  increases  the  lift  it  may  be  concluded  that 
for  acceleration  in  ground  effect  (negative  afug)  both  the  lift 

and  drag  contributions  are  beneficial  in  helping  to  reduce  power. 

Unfortunately,  the  data  have  insufficient  depth  to  fully  define 

the  resultant  ground  effects.  "  1 
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Figure  72.  X-19,  airplane  moment  characteristics,  ground  effects; 

c.g.  at  42.87.  lift  chord  and  W.L.  123.8  inches. 
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5.  FLAP  DEFLECTION  INTERFERENCE  EFFECTS  IN  TRANSITION 


i 

i 

\ 


The  bulk  of  the  testing  performed  in  she  transition  area  concerns  itself 
with  propeller  and  model  force  readouts.  There  were  no  tests  performed  to 
establish  interference  effects  of  a  flap  or  aileron  upon  its  own  propeller 
front  or  rear  wing.  The  only  testing  done  to  determine  effects  of  flap 
deflection  was  at  the  hover  condition  and  was  discussed  previously. 
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PROPELLER  AERODYNAMIC  DESIGN 


SECTION  IV  NOMENCLATURE 
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SECTION  IV 

PROPELLER  AERODYNAMIC  DESIGN 


1.  BLADE  GEOMETRIC'  CHARACTERISTICS 

The  propellers  for  the  X-100  and  X-19  airplanes  feature  wide  chord  blades 
that  were  configured  to  generate  high  values  of  radial  force  while  main¬ 
taining  high  levels  of  operating  efficient  at  the  take-off  and  cruise 
flight  conditions.  The  detailed  geometric  characteristics  of  the  blades 
are  shown  on  Figures  73  and  74.;  In  determining  the  detailed  unaracteris- 
tics  of  the  propeller  blades  the  diameter  was  established  by  the  disk 
loading  requirements  whereas  the  other  aspects  of  the  design  were  dictated 
by  a  compromise  < mong  cruise,  take-off  and  radial  lift  performance  re¬ 
quirements.  Three-blade  propelle. f  were  selected  to  obtain  a  wide  chord 
blade  which  could  be  thick  inboard  and  still  maintain  a  thickness  ratio  of 
less  than  307,  at  any  blade  station. 

If  two-blade  propellers  had  been  chosen,  very  high  vibration  foices  would 
be  generated  when  operating  at  high  shaft  angles  which  could  only  be  eli¬ 
minated  by  hinging  the  blades.  The  weight  of  three-  and  four-blade  pro¬ 
pellers  was  found  to  be  nearly  equal  when  designed  to  have  the  same  total 
solidity.  Since  the  performance  difference  at  both  the  hover  and  cruise 
conditions  was  found  to  be  small,  the  three-blade  design  was  chosen  for 
the  improved  structure  possible  with  the  wider  chord  desig.i.  It  should  be 
realized  that  with  lightly  loaded  propellers  the  induced  efficiency  is 
already  high  so  that  a  larger  number  of  blades  can  not  improve  the 
efficiency  level  significantly.  See  reference  9.1. 

For  the  X-100  airp'ane  the  required  thrust  to  power  level  was  established 
by  the  power  available  and  the  estimated  weight.  It  was  determined  on 
this  basis  that  a  thrust  to  horsepower  ratio  of  approximately  6.0  would  be 
required.  The  disk  loading  necessary  to  obtain  the  required  thrust  to 
horsepower,  at  hover,  is  also  dependent  on  the  Figure  of  Merit.  When  the 
X-100  was  designed,  it  was  believed  that  Figure  of  Merit  of  807  or  over 
could  be  obtained.  The  theory  of  propellers  operating  at  the  static  con¬ 
dition  was  presumed  to  be  satisfactory  and  that  a  propeller  could  be  de¬ 
signed  to  have  this  high  level  of  performance.  At  a  sea  level  standard 
day  FM  of  807.  and  a  thrust  to  horsepower  ratio  of  6.0  resulted  in  a  disk 
loading  of  25  lb/ft^  (Figure  75).  For  the  X-100  airplane  a  disk  loading 
of  25  resulted  in  an  installed  diameter  of  10  feet  and  gave  a  level  of 
thrust  necessary  for  hover.  Since  the  hover  and  operational  character¬ 
istic  of  the  X-100  airplane  were  satisfactory  with  this  disk  loading,  this 
level  was  retained  for  the  X-19.  This  resulted  in  a  diameter  of  13'  0" 
for  the  latter  aircraft. 

Results  of  single  point  calculations  in  (22)  and  (23)  indicated  that  at  a 
low  value  of  integrated  design  with  150  activity-factor  blades  would 
give  the  required  perfurraance  at  both  the  cruise  and  take-off  operating 
conditions..  By  increasing  the  integrated  design  Cl  the  solidity  could  be 
reduced.  The  Figure  of  Merit  at  hover  would  be  increased  slightly,  less 
than  27.  22  but  the  cruise  efficiency  would  be  decreased  as  the  result  of 
operating  high  integrated  design  lift  blade  at  low  values  of  operating  lif 
coefficients  However,  this  was  considered  to  be  undesirable,  as  it  was 
shown  by  Equation  (9)  of  Section  II  that  the  blade  area  must  be  large  to 
obtain  high  values  of  radial  force. 
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lade  characteristics  of  the  Curtiss-Wright  X-100  propeller 
(X100188)  blade;  Dia.  =  10  ft.,  AF  =  188,  ICL  =  0.068. 
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Figure  75.  Power  loading  as  a  function  of  disk  loading  on  t  static 
isolated  propeller,  density  ratio  cr  =  1.0. 
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From  Equation  (9)  it  is  seen  that  the  blade  area  can  be  placed  at  any 
station  along  the  blade  and  still  be  effective  for  producing  radial  force. 

By  distributing  the  blade  chord  to  minimize  the  power  requirement  it  is 
possible  to  maximize  radial  force  and  still  obtain  high  values  of  effi¬ 
ciency.  The  resulting  blade  planform  is  wide  inboard  and  tapers  to  a 
narrow  tip. 

In  the  case  of  the  X-100  airplane  the  blade  area,  if  made  rectangular, 
would  have  an  activity  factor  of  approximately  240  instead  of  the  188 
value  obtained  with  the  tapered  blade. 

As  is  usual,  in  the  practical  design  of  a  propeller,  the  solidity  or  acti¬ 
vity  factor  and  blade  number  are  established  by  single  point  methods  of 
calculation.  The  distribution  of  solidity  in  the  case  of  the  X-19  and 
X-100  aircraft  are  determined  by  the  radial  force  lift  requirements  as 
well  as  manufacturing  considerations.  After  the  blade  planform  shape  has 
been  determined,  the  blade  thickness  ratio  is  found  based  on  a  structural 
load  and  weight  analysis.  The  final  design  characteristics  of  the  blade 
are  then  established  by  an  optimization  study  which  determines  the  best 
distribution  of  blade  angle  and  design  C^-  This  optimization  study  is 
generally  performed  for  each  operating  condition,  and  then  the  design  Cl 
and  blade  angle  adjusted  so  that  the  best  overall  propeller  characteristics 
are  found  for  the  entire  series  of  flight  conditions. 

The  analysis  of  optimization  for  finding  the  best  blade  is  done  using  the 
method  of  the  Calculus  of  Variations  (30)  .  This  method  determines  the  best 
balance  of  the  profile  and  induced  losses  to  give  peak  overall  performance. 
At  each  blade  station  the  characteristics  of  list  versus  drag  are  deter¬ 
mined  for  a  range  of  design  Cl,  and  the  locus  of  the  curve  represents  the 
best  airfoil  at  any  given  operating  Cl,  see  Figure  76.  With  this  informa¬ 
tion  available  for  each  station,  the  distribution  of  induced  losses  is 
found  by  the  method  of  (30)  which  gives  the  best  overall  performance  availa¬ 
ble.  This  distribution  is  different  than  that  which  would  be  found  for  a 
frictionless  propeller  as  represented  by  the  well  known  Betz  loading  cri¬ 
teria,  which  gives  the  best  load  distribution  for  the  blade  operating  at 
zero  drag. 

It  will  be  noted  from  Figure  76  that  once  the  operating  Cl  is  obtained  for 
peak  performance,  the  resulting  design  Cl  must  be  found,  and  at  a  given 
station,  there  are  more  than  one  value  of  design  Cl's  that  can  be  used  and 
still  obtaiii  peak  performance.  For  instance,  at  the  cruise  operating  Cl, 
a  design  Cl  of  either  0.2  or  0.3  could  be  used  and  still  obtain  the  same 
Cd  and  L/D.  Consideration  is  therefore  given  when  balancing  the  blade  for 
all  the  flight  conditions,  to  choosing  the  design  Cl  that  is  best  for  all 
the  flight  conditions. 

If  a  large  difference  in  design  Cl  requirements  for  peak  efficiency  is  en¬ 
countered  between  two  flight  conditions,  the  design  Cl  is  chosen  based  on 
the  value  required  for  the  most  important  flight  condition.  These  proce¬ 
dures  will  give  the  characteristics  required  for  the  best  overall  pro¬ 
peller.  With  the  X-100  and  X-19  airplanes,  a  fixed  design  Cl  at  each 
station  was  found  to  be  nearly  optimum  for  all  flight  conditions. 
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Mach  Number  =  Constant 
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Figure  76.  Typical  drag  polar  as  a  function  of  design  C^. 


The  blades  for  both  the  X-100  and  X-19  aircraft  were  designed  to  use  NACA 
64  series  airfoil  sections.  These  sections  were  chosen  as  test  results 
indicated  slightly  higher  levels  of  static  thrust  are  obtained  with  these 
blade  sections  than  with  the  conventional  NACA  16  series  propeller 
section.  The  reason  for  this  improvement  is  the  increased  lift  drag  ratio 
obtained  with  the  64  series  sections.  The  blades  with  64  scries  sections 
operate  at  better  efficiency  than  equivalent  blades  with  16  series 
sections  when  the  power  is  above  the  design  value  as  during  a  control 
input  in  hover  because  of  the  higher  level  of  maximum  lift  coefficient 
available  with  the  "64"  series  sections. 

The  blades  for  the  X-19  propeller  are  very  nearly  the  same  as  the  X-100 
propeller  blades.  The  planform  of  the  two  blades  would  be  geometrically 
similar,  if  the  130166  (X-19)  blade  were  cut  back  to  12’6"  diameter.  The 
extension  was  made  on  the  blade  when  it  became  apparent  that  the  weight 
of  the  aircraft  had  increased  87,.  The  thickness  ratio  of  the  130166  blade 
was  less  outboard,  as  higher  tip  section  Mach  numbers  were  expected  with 
the  X-19,  when  operating  at  its  design  400  mph  cruise  condition.  With  the 
tip  thickness  ratio  of  7%,  the  losses  due  to  compressibility  are  reduced. 

In  choosing  the  geometric  characteristics  of  the  X-19  blade  it  was  desired 
to  maintain  the  configuration  as  near  to  the  X-100  as  possible.  This  was 
done  since  the  front  wing  of  the  X-19  was  geometrically  similar  to  that  of 
the  X-100.  It  was  preferable  to  stay  close  to  the  experience  gained  with 
the  X-100  test  aircraft. 
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2.  AERODYNAMIC  DESIGN 
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The  methods  and  uata  for  the  aerodynamic  design  of  propellers  were 
established  between  1948  and  1954.  The  methods  for  forward  flight  con¬ 
ditions  were  developed  using  the  theory  of  propellers  described  by 
Theodorsen,  (24) ,  for  calculating  the  induced  velocity  at  each  blade 
station  and  thus  determining  proper  section  angle  of  attack  and  induced 
efficiency.  The  strip  analysis  procedures  used  for  single  and  dual  rota¬ 
tion  propellers  are  completely  described  in  (25)  and  (26)  and  are  arranged 
to  be  used  with  any  set  of  two  dimensional  airfoil  data. 

The  airfoil  data  used  in  calculating  the  performance  of  a  propeller  is 
given  in  (27)  .  This  airfoil  data  is  a  correlation  of  all  the  two  dimen¬ 
sional  section  data  then  available.  Sections  with  thickness  ratio's 
from  4  to  217.  and  design  lift  coefficients  from  0  to  0.7  are  covered  in 
this  report.  The  data  covers  a  Mach  number  range  from  0  to  1.6  and  an 
angle  of  attack  range  through  the  stall  angle. 

For  sections  having  a  thickness  ratio  exceeding  217.  the  data  given  in  (28) 
are  used.  The  data  given  in  this  report  covers  the  Reynolds  Number  range, 
of  major  importance  with  thick  airfoil  sections  as  well  as  the  range  of 
angle  attack  and  Mach  number. 

The  calculated  propeller  performance,  using  the  methods  and  airfoil  data 
given  in  (25)  to  (27) ,  checks  wind  tunnel  test  data  closely  for  the  range 
of  flight  conditions  of  the  X-100  and  the  X-19  airplanes.  An  accuracy  of 
+  17.  can  be  expected  fo*-  the  case  where  the  propellers  are  operating  at 
small  shaft  angles  and  advance  ratio's  of  0.5  to  3.5.  Only  when  the 
propellers  are  operating  at  loadings  below  that  for  peak  efficiency  does 
the  calculated  performance  accuracy  deviate  more  than  17..  In  this  case 
errors  up  to  47.  can  be  expected.  Unfortunately,  the  error  between  the 
tests  and  calculations  have  been  <;uite  inconsistent;  therefore  the 
possibility  exists  that  an  error  is  in  the  test  data.  This  problem  has 
been  the  subject  of  considerable  investigation,  but  is  yet  to  be  resolved. 

The  strip  analysis  procedure  used  to  calculate  the  performance  of  propel¬ 
lers  at  the  hover  condition  is  given  in  (29)  .  This  procedure  is  an  exten¬ 
sion  c'  the  flight  strip  analysis  method,  assuming  that  the  inflow  veloc¬ 
ity  determines  the  pitch  of  the  wake  helices.  It  was  necessary  to  extra¬ 
polate  the  basic  Theodorsen  curves  to  determine  the  inflow  velocity  on  the 
basis  of  this  assumption.  A  propeller  operating  at  the  hover  condition 
generally  has  3ome  of  the  sections  stalled.  It  was  found  necessary  to 
extend  the  basic  airfoil  data  of  (27)  beyond  the  stall  angle  so  that  the 
working  data  would  be  available.  The  procedure  is  given  in  (29).  It  was 
noted  that  to  obtain  agreement  between  propeller  test  and  calculations  the 
lift  must  be  much  higher  than  would  be  measured  in  two  dimensional  airfoil 
tests. 

The  procedure  for  determining  the  optimum  design  Cl,  blade  angle  or  chord 
distribution  to  obtain  peak  efficiency  at  any  blade  station  is  given  in 
(30).  This  procedure  was  developed  using  the  Calculus  of  Variations  for 
balancing  the  profile  and  induced  losses.  It  provides  the  designer  with 
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a  tool  for  evaluating  the  performance  with  respect  to  the  peak  and  has 
been  an  effective  procedure  for  designing  blades. 

For  initial  propeller  performance  calculations  the  methods  and  data  of  (22) 
or  (23)  may  be  used.  These  are  single  point  methods  of  analysis  and  are 
useful  for  sizing  the  propeller  and  determining  the  proper  efficiency 
level.  (22)  is  preferred  for  this  use,  as  the  effort  required  for  the 
calculations  is  considerably  reduced. 

3.  HOVER  PERFORMANCE  AS  MEASURED  AND  CALCULATED 

The  performance  of  the  propellers  used  on  the  X-100  and  X-19  VTOL  airplanes 
was  measured  on  several  test  rigs  and  in  various  scale  configurations  in¬ 
cluding  full  scale  (See  Section  IX).  The  hover  performance  of  the  full 
scale  X-100  propeller  as  measured  in  the  Ames  40  x  30  foot  wind  tunnel  is 
shown  on  Figure  77  along  with  calculated  performance  and  the  measured 
performance  of  the  157,  scale  model  propeller.  The  full  scale  data,  (31), 
was  obtained  by  mounting  the  propeller  in  the  hover  position  and  measuring 
the  performance  without  the  tunnel  operating.  The  propeller  was  about 
three  diameters  above  the  floor  of  the  tunnel  and  therefore  was  considered 
out  of  ground  effects.  The  model  data  were  obtained  on  a  rig  that  had 
zero  blockage  and  were  run  under  free  air  operating  conditions.  The  per¬ 
formance  was  calculated  using  the  method  and  data  of  (29).  The  X-100 
propeller  was  also  tested  on  Rig  No. 2  at  Wright  Field  and  the  results  are 
given  on  Figures  78  and  79. 

The  data  given  on  Figure  77  indicates  that  calculated  performance  is  much 
higher  than  obtained  from  test.  Also,  the  model  results  are  of  little 
value  for  finding  the  overall  performance  at  hover.  The  calculated  per¬ 
formance  is  high,  probably  due  to  the  underestimation  of  the  incuced 
losses.  It  is  believed  that  the  induced  losses  are  underestimated  rather 
than  the  profile  losses  as  the  airfoil  data  used  to  find  the  profile 
losses  is  also  used  to  find  the  profile  losses  in  cruise  and  the  calcu¬ 
lated  performance  agrees  closely  with  test  data  in  cruise  This  has  since 
been  the  subject  of  study  to  determine  a  theory  to  correct  this  difficulty. 
The  model  propeller  cest  results  do  not  represent  full  scale  performance 
because  of  the  low  Reynolds  Number  involved.  A  comparison  of  the  data 
from  Rig  No.  2  and  the  Ames  data,  (31)  indicate  that  fair  agreement  was  ob¬ 
tained  although  the  data  from  the  two  rigs,  when  plotted,  cross  over. 
Because  of  the  blockage  experienced  by  the  propeller  on  Rig  No.  2,  it  is 
believed  that  the  Ames  data  is  more  representative  of  the  actual  perform¬ 
ance.  It  should  be  pointed  out  here  that  because  of  the  difficulty  en¬ 
countered  with  calculations,  only  test  data  were  relied  u^on  for  predict¬ 
ing  static  performance  of  propellers  for  the  X-100,  X-19  and  other  V/STOL 
aircraft  of  interest. 

The  take-off  performance  of  the  X-19  was  originally  determined  on  the  basis 
of  performance  measured  in  the  Ames  tunnel  and  shown  on  Figure  77.  There¬ 
fore  reliable  predictions  of  the  hover  performance  was  obtained  on  the 
X-19. 

Later  hover  performance  characteristics  of  the  X-19  propeller  are  shown  on 
Figures  80  to  82,  as  determined  on  Rig  No.  2  at  Wright  Field.  Comparison 
of  these  results  with  the  measurements  taken  from  the  X-100  propeller 
indicates  the  performance  of  both  propellers  are  nearly  identical.  The 
Figure  of  Merit  as  determined  by  these  tests  peaks  at  approximately  73.57,. 
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Figure  77.  Blade  angle  and  thrust  coefficient  as  a  function  of  power 
coefficient,  static  performance,  3(X100188)  blade,  500  to 
800  FnD 
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Figure  78.  Thrust  coefficient  as  a  function  of  power  coefficient,  static 

whirl  test  dated  7/19/60,  Wright-Patterson  Air  Force  Base  whirl 
rig  no.  2;  model  138592/ 10188A2F ,  dia.  =  10  ft.,  AF  =  188, 

ICl^  =  0.068,  1000  horsepower,  NACA  64  section  series. 
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Figure  82.  X-j.-,  figure  of  merit  as  a  function  of  power  coefficient, 

static,  Wright-Patterson  Air  Force  Base  whirl  rig  no.  2; 
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This  compares  with  a  level  of  80-plus  percent  observed  rrcm  tests  of  other 
propellers . 

Since  the  measured  static  thrust  performance  is  far  below  the  expected 
j  ,  level,  a  research  program  was  undertaken  to  find  ways  and  means  of  improv- 

i  \  ing  the  efficiency.  As  part  of  this  program  a  rig  was  built  for  measuring 

l  -•  the  performance  without  blockage  present. 

'f 

The  highlights  of  the  program,  including  a  description  of  the  test  rig, 
are  discussed  in  (32) .  The  static  performance  of  the  X-19  propeller  was 
measured  on  this  rig,  the  results  of  which  are  shown  on  Figures  83  and  84. 

The  data  obtained  from  the  Curtiss  Rig  is  1  to  2  percent  lower  in  Figure 
of  Merit  than  from  Wright  Field  Rig  No.  2.  This  change  is  due  to  blockage 
and  interference  from  the  Wright  Field  rig  and  was  expected.  See  (32) . 

It  was  found  that  measurement  of  the  full  scale  static  thrust  performance 
with  desired  accuracy  is  extremely  difficult.  The  reason  for  this  is  that 
forces  are  large  and  therefore  the  interaction  between  thrust  force  and  the 
torque  is  difficult  to  isolate.  Furthermore,  the  propellers  must  be  tested 
at  nearly  zero  wind  conditions  to  obtain  consistent  values.  As  a  result, 
considerable  effort  is  required  to  obtain  satisfactory  propeller  perform¬ 
ance  data.  The  test  results  presented  are  believed  to  accurately  describe 
the  propeller  hover  performance. 

4.  CRUISE  PERFORMANCE  MAPS 

Performance  of  the  X-100  and  X-19  propellers  at  zero  to  +  10°  shaft  angle 
flight  conditions,  can  be  determined  from  the  efficiency  maps,  Figures  85 
to  91.  These  maps  were  calculated  based  on  the  methods  and  data  of  (25) 
and  (27).  For  the  X-100  propeller,  the  data  covers  only  operating  condi¬ 
tions  when  the  helical  tip  Mach  is  less  than  0.3.  The  maps  for  the  X-19 
propeller  cover  conditions  up  to  a  forward  Mach  number  of  0.8.  As  the 
methods  and  data  given  in  (25)  and  (27)  have  been  highly  developed,  and 
checked,  the  data  on  the  maps  can  be  considered  to  be  accurate  within  +  27„. 

5.  EFFECTS  OF  TIP  SPEED  AND  BLADE  TWIST  IN  ROVER  AND  CRUISE 

In  hover,  the  effect  of  changes  in  tip  speed  and  pitch  distribution  must 
be  determined  by  test,  as  suitable  methods  and  data  are  not  yet  available 
for  calculations.  With  the  X-19  and  X-100  blades,  changes  in  hover  per¬ 
formance  with  changes  in  tip  speed  was  not  clearly  established  by  the  test 
data,  Figures  78,  80  and  83.  At  the  lower  loadings  it  appears  that  the 
higher  tip  speeds  result  in  improvements,  whereas  at  high  loadings  the 

reverse  is  true.  The  three  blade  propeller  using  109652  blades  shown  on 

Figure  92  shows  a  large  improvement  in  performance  with  increases  of  tip 
speed.  The  reason  for  this  improvement  is  probably  due  to  improved  load 
distribution  as  a  result  of  changes  in  lift  curve  slope  at  the  higher  tip 
Mach  Number. 

The  109652  blade  was  retwisted  as  shown  on  Figure  92.  From  Figure  94  note 

that  lower  values  of  Figure  of  Merit  are  obtained  with  the  retwisted  blade, 

at  power  coefficients  near  the  peak,  than  with  the  original  blade. 
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Figure  83.  X-19,  thrust  coefficient  versus  power  coefficient,  static; 

3(13168A10P3)  blade,  Curtiss-Wright  whir]  test  rig. 
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Figure  84.  X-19  propeller  blade  angle  versus  power  coefficient,  static; 

3( 1 3168A10P3)  blade,  Curt iss-Wright  whirl  test  rig. 
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Figure  86.  X-19,  propeller  cruise  efficiency  map,  3 (13168A10P3)  blade; 

AF  =  168,  dia.  =  13  ft,  ICt  =  0.057,  forward  Mach  No.  «  0. 
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Figure  91.  X-19,  propeller  cruise  efficiency  map,  3 (13168A10P3)  blade, 

A F  =  168,  dia.  =  13  ft,  ICi^  =  0.057,  forward  Mach  No.  =  0.8 
or  less. 
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Figure  92.  Blade  characteristics  of  the  Curtiss-Wri ght  109652  propeller 
blade;  dia.  =  15  ft.,  AF  =  115,  IT ^ .  =  0.5,  NACA  65  section 
series . 
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Experience  with  similar  propellers  would  indicate  that  if  the  blade  were 
rec  isted  in  the  opposite  direction,  the  performance  would  also  be  reduced. 
This  proves  the  need  for  an  accurate  theory  and  data  for  predicting  static 
thrust  performance. 

At  the  cruise  flight  condition,  peak  performance  was  obtained  when  the  X-19 
propeller  was  operating  at  a  tip  speed  of  625  to  650  feet  per  second.  This 
cruise  tip  speed  combined  with  820  feet  per  second  for  take-off  resulted  in 
the  best  combination  of  loading  at  the  two  operating  conditions  for  the 
X-19  blading.  Test  data,  using  the  blading  for  the  X-200  aircraft  con¬ 
figuration,  are  presented  in  Figure  93  and  show  a  similar  cruise  tip  speed 
but  a  higher  take-off  irnDp  value  for  that  earlier  aircraft..  At  the  cruise 
condition  20%  reduction  in  tip  speed  places  the  operating  point  at  the 
power  coefficient  and  advance  ratio  for  peak  performance,  a  further  de¬ 
crease  in  tip  speed  has  essentially  no  effect. 

The  retwisted  blade  shown  on  Figure  92  would  show  a  reduction  in  perform¬ 
ance,  at  the  cruise  condition  of  a  typical  VTOL  aircraft  as  the  tip  would 
become  underloaded.  At  the  conditions  of  the  X-19  airplane  it  is  esti¬ 
mated  that  the  underloading  of  the  tip  would  reduce  the  efficiency  more 
than  5%. 

There  are  many  other  blade  design  parameters  that  can  be  varied,  to  in¬ 
fluence  hover  and  cruise  performance.  For  instance,  instead  of  wide 
blades  with  small  values  of  design  2^,  more  conventional  narrow  blades 
which  have  large  design  CT ' s  can  be  used.  Strictly  from  propulsion  and 
hover  lift  considerations^  such  a  blade  would  exhibit  superior  performance 
at  these  conditions  than  that  obtained  from  the  X-19  propeller.  This  com¬ 
parison  is  valid  for  propellers  stressed  to  the  same  loading  level.  A 
blade  stressed  for  a  lesser  level  would  probably  have  lower  thickness 
ratio's  throughout.  This  would  give  the  highest  performance  and  thus 
invalidate  the  results. 

6.  HOVER  POi  HISTOGRAMS 

Two  histograms  are  presented  as  obtained  from  flight  tests  (Figures  95  and 
96).  The  first  taken  from  Flight  No.  31  records,  demonstrates  hover, 
translation  md  left  turns;  this  can  be  considered  a  hover  histogram.  As 
predicted,  the  front  propellers  are  heavily  loaded  and  are  subjected  to 
considerable  gear  life  erosion.  The  largest  percentage  of  the  hover  time 
ij  spent  near  780  HP  with  very  little  time  spent  at  the  peak  power  of 
1C00  HP.  The  rear  propellers  are  considerably  less  loaded  than  the  front, 
with  the  result  that  calculated  nacelle  gear  life  is  much  higher. 

The  second  histogram  (Figure  96)  renre.entc  Jae  early  transition  mode,  at 
which  40  MPH  was  attained  at  =  ‘.f-  As  expected,  the  front  nacelle 

gear  life  is  greater.  Now,  the  lai  .  percentage  of  the  time  is  spent  at 

approximately  620  HP.  The  tear  propellers  become  mors  highly  loaded  with 
the  result  that  life  diminishes  from  in  excess  of  1000  hours  to  about  60 
hours . 
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Figure  93.  Figure  of  merit  of  the  Curtiss-Wrigr.t  109652  propeller  blade 

as  a  function  of  power  coefficient,  measured  on  Curtiss-Wright 
test  rig. 
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Figure  94  Effect  of  blade  retwist  on  the  figure  of  merit;  3(109652) 
blade,  900  TnD,  three  blades 
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T  ime 


Duration  137  sec 


Flight  G.W/C.G  12300/42.8 

Flight  Description:  Hover;  Tilt  Nacelles  To  88°;  Accelerate  To  Foward 
Flight  At  40  MPH;  Tilt  Nacelles  To  VTOL  Decelerate  To  Hover 


A-?.  Operating  Time  Above  Q  Level  Indicated;  B-%  Operating  Time  At 
Increment  Of  Q  Indicated. 


6  10  14  18  4  10  14  18  6  10  14  18  6  10  14  18 

Q  =  Transverse  Shaft  Torque  X  1000  in. /lb 


Figure  96  X-19,  histogram  of  transverse  shaft  loading,  flight  no.  35, 

1/7/65. 
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This  is  the  result  of  the  variation  of  aircraft  pitch-up  moment  with 
velocity  and  the  tilt  actuated  auto-trim  schedule,  which  makes  (/3p  -  |3R) 
more  negative.  The  physical  reason  for  the  speed  pitch  up  moment  is 
given  in  Section  III. 3. a.  under  the  discussions  of  wing  power  effects. 
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PROPELLER  STRUCTURE  AND  CONTROL  MECHANISM 
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SECTION  V  -  NOMENCLATURE 

A  *  propeller  shaft  angle  of  attack  degrees 
a  *»  slope  of  the  lift  curve 
b  •»  blade  section  chord 
CF  centrifugal  force 

C  lift  coefficient 

C  moment  coefficient 

m 

C  normal  force  coefficient 

n 

C  side  force  coefficient 

y 

D  propeller  diameter 

E  modulus  of  elasticity 

F  force 

g  gravity  constant 

HP  horsepower 

h  blade  section  thickness 

I  moment  of  inertia 

J  advance  ratio 

M  moment 

N  normal  force 

q  dynamic  pressure 

R  propeller  radius  total 

r  blade  radius 

S  area 

S  stress  cycles 

n 

T  thrust 

V  velocity 

W  resultant  section  velocity 

X  3  r/R 

side  force 
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SECTION  V 


PROPELLER  STRUCTURE  AND  CONTROL  MECHANISM 


1.  MECHANICAL  DESIGN  INCLUDING  PHILOSOPHY,  RELIABILITY,  WEIGHT  AND 

MAINTENANCE 

a.  General  Description 

The  X-19  propellers  are  three-blade,  thirteen  foot  diameter 
propellers  consisting  of  a  hub,  fiberglass  blades,  a  hydro¬ 
mechanical  pitch-change  power  unit,  a  control  valve  assembly,  and 
a  propeller  mounting  bearing  assembly. 

The  blades  of  the  four  propellers  were  designed  to  provide  an 
optimum  combination  of  thrust  and  radial  lift  force,  the  latter 
being  a  feature  of  the  Curtiss-Wright  V/STOL  aircraft  flight  con¬ 
cept.  Blade  angle  is  collectively  controlled  to  achieve  thrust 
variations  and  differentially  controlled  for  aircraft  attitude 
stability  in  V/STOL  flight  configurations.  Redundant  dual-piston 
pitch-change  actuating  systems  are  employed  to  assure  continual 
control  capability  in  the  event  of  a  single  system  failure. 

The  propellers  are  mounted  on  the  nacelle  housings  which  contain 
the  naceile  bevel  gears  and  the  propeller  picch-change  mechanism. 
Shafting,  of  the  power  transmission  system,  interconnects  all  four 
propellers  to  two  Lyccming  T55-L-5  turbine  engines.  Either  engine 
is  capable  of  supplying  flight  power  to  all  four  propellers.  The 
spinner  and  nacelle  afterbody  fairing  complete  the  propeller/ 
nacelle  assembly. 

b.  Component  Descriptions 

(1)  Hubs 

The  hubs  are  made  of  single  piece  steel  forgings.  They  are 
designed  to  retain  the  blades  by  means  of  two-row,  angular- 
contact  bearings  and  threaded  blade  nuts.  The  rear  exten¬ 
sion  of  the  hub  contains  the  propeller-mounting  bearing 
assembly  and  the  hub  drive  splines.  The  power  unit  is 
splined  directly  into  the  hub  and  contains  the  shaft  drive 
spline.  The  hub  construction  permits  blade  installation  and 
removal  while  the  propeller  is  mounted  on  tie  aircraft. 

(2)  Pitch-Change  Mechanism  (Figure  97) 

The  propeller  pitch-change  system  is  comprised  of  a  hydraulic 
power  unit  which  contains  two  independent  nacelle-oil 
pressure  systems.  No  pressure  connections  to  the  aircraft 
hydraulic  systems  are  required.  The  power  unit  assembly  in¬ 
cludes  two  tandem  pistons.,  two  hydraulic  pump  assemblies, 
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Figure  97.  X-19  schematic  assembly  of  the  blade  pitch  change  mechanism 


two  oil  reservoirs,  a  dual  control  valve  assembly  and  suit¬ 
able  arms  for  attachment  of  the  blade  control  levers. 

Planning  or  adjustment  of  the  blade  angle  is  achieved 
through  a  set  of  differential  splines  between  the  blade  shank 
and  blade  lever.  These  splines  permit  blade  angle  changes  in 
increments  of  0.166  degrees.  The  pitch-change  blade  lever 
has  a  moment  arm  of  2.60  inches. 

Propeller  pitch-change  is  accomplished  by  two  mechanically- 
coupled  single-acting  pistons  having  independent  hydraulic 
systems.  Blade  angle  change  results  from  a  transfer  of  the 
piston  assembly  motion,  through  a  link  assembly,  to  a  lever 
which  is  splined  to  the  blade  shank. 

The  pitch-change  hydraulic  system  is  basically  a  position 
follow-up  mechanism  in  which  the  pistons  follow  valve  dis¬ 
placement  at  approximately  the  same  rata  while  delivering  the 
force  required  for  pitch-change.  Valve  displacement  corre¬ 
sponds  to  desired  blade  angle,  and  piston  displacement  corre¬ 
sponds  to  actual  blade  angle.  The  pistons  move  to  balance 
••hemselves  across  the  valve  ports  for  any  given  blade  angle 
until  both  blade  loading  and  piston  pressure  are  in  equilib¬ 
rium. 

Both  hydraulic  systems  operate  in  the  same  manner;  i.e.,  at 
a  given  control  signal,  oil  flows  into  each  piston  from  in¬ 
dependent  high-pressure  pump  assemblies  at  a  constant  rate 
until  tie  desired  blade  angle  is  achieved.  Oil  is  exhausted 
through  the  dual  control  valves  to  each  sump.  The  valves 
monitor  piston  pressures  by  metering  the  orifices. 

Isolation  of  the  hydraulic  systems  is  obtained  in  the  follow¬ 
ing  manner: 

(a)  The  front  piston  system  functions  as  follows: 

Oil  is  placed  into  the  hub  which  acts  as  the  sump  for 
the  front  piston  system.  This  oil  enters  the  cylinder 
of  the  forward  hydraulic  system  through  one  of  the  two 
pump  assemblies  and  is  ported  through  one  of  the  two 
control  valves  back  into  the  hub.  After  being  cooled 
in  the  hub  the  oil  returns  to  the  rotating  sump  pro¬ 
vided  in  the  pump  housing,  which  feeds  the  oil  back  into 
the  pumps. 

(b)  The  rear  piston  hydraulic  system  functions  as  follows: 

Oil  enters  this  cylinder  from  the  other  pump  assembly 
and  is  exhausted  through  its  control  valve  into  the 
nacelle  housing  where  it  is  cooled.  A  scavenge  and 
lubrication  pump  mounted  in  the  nacelle  housing  delivers 
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oil  to  the  rear  piston  rotating  sump  assembly  which 
feeds  the  pitch-change  pumps  to  complete  the  hydraulic 
circuit . 


«  6? 


Rotation  of  both  sump  assemblies  acts  to  eliminate  en¬ 
trapped  air  in  the  oil  while  serving  as  a  centrifugal 
pump  to  supply  primed  oil  to  the  pitch-change  pumps. 

The  scavenge  pump  also  supplies  lubrication  to  the  pro¬ 
peller  mounting  bearing,  the  bevel  gear  set,  and  reten¬ 
tion  bearings. 

Each  pitch-change  pump  assembly  consists  of  three  pumps 
of  vane  type  which  are  mounted  in  a  single  housing. 

This  housing  is  mounted  in  the  hub,  so  it  rotates  at 
propeller  speed.  A  pinion  gear,  which  meshes  with  an 
internal  fixed  ring  gear,  is  attached  to  each  pump 
shaft.  Each  of  the  three  pumps,  in  a  system,  is  meshed 
to  one  of  two  fixed  ring  gears.  Power  to  drive  the 
pumps  is  obtained  from  propeller  rotation  since  the 
pumps  and  pinion  gears  revolve  as  a  unit  within  their 
respective  fixed  ring  gears. 

A  pivoted  torque-reaction  bar,  for  the  two  fixed  ring 
gears,  is  installed  in  the  nacelle  together  with  two 
micro-switches.  A  loss  of  hydraulic  pressure  in  either 
system  will  result  in  an  unbalanced  reaction-torque  on 
the  ring  gears  causing  movement  of  one  gear  relative  to 
the  other.  This  gear  movement  will  actuate  one  of  the 
micro-switches  which  will  close  an  electrical  circuit 
to  the  "HYD.  PRESS"  indicator  light. 

(3)  Controls 

Mechanical  pitch-change  signals  are  fed  from  the  cockpit  to 
a  signal  integrator  referred  to  as  the  coordinator  and  are 
received  at  the  propeller  as  a  push  pull,  blade  angle 
desired,  signal  (see  Figure  157).  This  signal  is  transferred 
through  a  series  of  bellcrank  linkages  and  converted  into  a 
linear  fore-and-aft  control  rod  and  valve  motion.  Each  of 
the  two  pitch-change  control  valves  is  mounted  on  the  end  of 
a  differential  beam.  A  mechanically  operated  relief  valve  is 
located  aft  of  each  control  valve,  in  the  valve  assembly. 

Each  relief  valve  is  capable  of  relieving  pressure  from  one 
system  when  actuated  by  the  control  valve  of  the  other 
system.  During  normal  propeller  operations,  with  both  pis¬ 
tons  and  valves  operating,  there  is  insufficient  movement  of 
either  valve  to  trigger  the  poppet  which  actuates  the 
relief  valves. 
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In  the  event  of  a  "stuck"  control  valve  in  one  system,  the 
greater  movement  available  to  the  other  control  valve  due 
to  the  differential  beam  arrangement,  allows  this  valve  to 
actuate  the  relief  valve  of  the  "stuck"  system.  This  results 
in  "dumping"  the  pressure  of  the  inoperative  system.  A  snap 
ring  type  of  detent  spring  on  the  relief  poppet,  once 
actuated,  maintains  this  "dumped"  condition  until  such  time 
as  the  valve  assembly  is  removed  and  the  relief  poppet  detent 
spring  reset.  This  loss  of  pressure  of  a  single  system  due 
to  a  "stuck"  valve  is  indicated  by  a  tel-light  through  the 
reaction-ring  gear  bar. 

A  ball-bearing  coupling  is  installed  between  the  non-rotating 
control  rod  and  the  rotating  propeller  and  valve  assembly. 

Tw,>  compression  springs  are  installed  between  the  piston  and 
each  control  valve  to  eliminate  signal  backlash  and  provide 
a  unidirectional  signal  input  force. 

Consiol'S  that  are  external  to  the  propeller  but  which  feed 
into  the  signal  coordinator  and  then  into  the  propeller 
pitcl -change  control  rod  are  as  follows: 

(a)  The  governor  speed  set  lever  which  selects  propeller 
RPM. 

(b)  The  power  lever  which  controls  the  fuel  supply  to  the 
engines . 

(c)  The  pilots  flight  control  stick  which  controls  pitch 
and  roll. 

(d)  The  rudder  pedals  which  control  yaw. 

(e)  The  SAS  system  which  feeds  signals  into  the  coordinator 
to  provide  stabilization  in  pitch  and  roll. 

(f)  The  tilt  switch  which  controls  tilt  angles  of  the 
nacelles. 

(g)  The  manual  propeller  pitch-change  switch  which  manually 
sets  collective  propeller  blade  angle. 

All  th“se  controls  feed  into  the  coordinator  and  result  in 
controlled  pitch-change  signals  to  each  of  the  propellers. 

The  coordinator  also  phases  out  propeller  control  of  atti¬ 
tude  in  the  transition  flight  regimes. 
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(4)  Blades 


The  propellers  for  the  X-19  aircraft  are  three  bladed  and  13 
feet  in  diameter,  with  a  166  Activity  Factor.  The  shell  of 
the  blades  is  of  epoxy  resin  reinforced  fiberglass. 

The  primary  load  carrying  element  of  the  blade  is  this 
fiberglass  structure  which  transfers  the  loads  to  the  steel 
blade  shank  on  which  the  fiberglass  is  molded.  Fig.  98.  The 
lightweight  rigid  foam  plastic  filling  constitutes  a  sand¬ 
wich  structure  with  the  fiberglass  shell  to  provide  the  nec¬ 
essary  stiffness  and  load  carrying  capacity.  This  type  of 
construction  and  material  was  selected  to  satisfy  the 
structural  requirements  and  at  the  same  time  meet  the  aero¬ 
dynamic  and  low  blade  weight  requirements.  Detailed  de¬ 
scription  of  the  blade  structural  design  is  given  in  item  2 
of  this  section. 

The  propeller  spinner  is  a  two-piece  design  consisting  of  a 
fiberglass  nose  section  and  a  fiberglass  foam  sandwich  rear 
section.  "he  rear  section  is  bolted  to  the  front  of  the 
propeller  for  support. 

The  external  contour  of  the  spinner  is  such  as  to  provide 
smooth  airflow  over  -he  nacelle  outline. 

c.  Blade  Maintenance 

(1)  Introduction 

The  purpose  of  this  section  is  to  define  the  possible  types 
of  damage  to  FRP  (fiberglass  reinforced  plastic)  propeller 
blades  and  to  show  methods  for  repairing  such  damage,  where 
applicable.  In  addition,  preventive  maintenance  procedures 
will  be  outlined. 

(2)  Damage 

Handling  damage  is  generally  confined  to  the  external  edges 
and  surfaces  including  blade  shank  and  fairing.  Operational 
damage  could  involve  the  same  areas  plus  the  blade  and  fair¬ 
ing  foam  fillers. 

(a)  Fiberglass  reinforced  plastic  (FRP)  damage:  - 

Delamination  er  the  cloth  plies;  breaks  or  gouges  in 
the  surface  layers  of  cloth  of  the  skins,  edges  or  tip 
without  penetration  of  the  full  wall  thickness  or  bond 
line  of  the  blade. 

The  above  types  of  damage,  but  to  a  greater  degree, 
could  extend  into  the  interior  of  the  blade. 
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(b)  Foam  damage:  -  Where  separation  occurs  between  the  foam 
and  the  FRP  or  where  the  foam  is  crushed  by  a  high  im¬ 
pact  blow. 

(c)  Protective  coating  damage:  -  Whon  damage  occurs  to  the 
FRP,  frequently  tie  protective  coating  also  is  affected. 
Damage  to  the  coating  only,  is  usually  due  to  impinge¬ 
ment  of  stones,  sand  or  similar  materials  and  in  most 
cases  will  occur  at  the  leading  edge  and  tip  of  the 
blade . 

(d)  Steel  shank  damage:  -  Damage  to  the  steel  shank  would 
consist  of  nicks,  scratches,  abrasion,  damaged  plating, 
corrosion,  etc. 

(3)  Determination  of  Damage 

Damage  to  the  FRP  portion  of  the  blade  is  determined  by 
visual  inspection  except  in  the  case  of  separation  between 
foam  and  fiberglass. 

The  latter  is  determined  by  rappit.g  the  thrust  and  camber 
plates  with  an  item  such  as  a  half-dollar  or  metal  washer. 
Separation  will  be  indicated  by  a  hollow  sound  whereas  a 
good  bond  will  be  indicated  by.  a  solid,  metallic  type  of 
sound.  Pressure  applied  by  thumb  and  knuckles,  causing 
plate  deflection,  can  confirm  such  separation. 

(4)  Repair  of  Damage 

Experience  in  repairing  of  damage  to  FRP  propeller  blades  is 
very  limited.  Although  repairs  of  extensive  damage  may 
eventually  be  permissible,  in  this  type  of  blade  only  rela¬ 
tively  minor  repairs,  as  indicated  below,  were  recommended 
to  be  made  in  the  field  and  all  others  were  to  be  reviewed 
by  the  factory.  Damage  such  as  shown  in  Figure  99  may  be 
made  in  the  field: 

(a)  Provided  that  not  more  than  50%  yf  the  FRP  thickness 

is  involved  in  making  the  repair.  However,  in  the  case 
of  the  inboard  fairing  skins,  gouging  of  the  foam  up  to 
one  cubic  inch,  provided  the  basic  blade  is  not  pene¬ 
trated,  may  be  filled  with  the  designated  materials. 

(b)  Provided  that  repairs  do  not  extend  through  the  "bond" 
line  of  edges  or  tip. 

(c)  Provided  repair  of  separation  between  foam  and  FRP  is 
compensated  for,  in  propeller  balance. 
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Edge  Repair 


Center  Repair 


Figure  99.  Fiberglass  blade  repair  chart  illustrating  the  type  of  repair 
that  can  be  performed  in  the  field. 
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Minor  surface  damage  such  as  scratches  up  to  1  to  2  inches 
long  and  .005"  to  .010"  maximum  depth  and  areas  up  to  1/16" 
diameter  and  .005"  to  .010"  maximum  depth  need  not  be  re¬ 
paired  but  should  be  periodically  examined.  If,  however, 
total  area  containing  such  damage  exceeds  20  square  inches, 
repairs  should  be  made  to  the  FRP  and/or  coating. 

Repairs  to  the  above  types  of  damage  were  made  as  described 
in  the  X-19  Utility  Maintenance  Manual  and  include  the 
following: 

(a)  Repair  of  damage  to  edges  or  blade  tip. 

(b)  Repair  of  damage  to  bl^de  plate  or  fairing  surface. 

(c)  Repair  of  loose  or  unbonded  foam. 

(d)  Repair  of  protective  coating. 

(5)  Propeller  Balance 

All  new  FRP  propeller  blades  were  balanced  at  the  factory  to 
a  blade  master  for  a  particular  design,  making  such  blades 
interchangeable.  Therefore,  propeller  balance  has  to  be 
considered  when  FRP  blade  repairs  are  made  in  the  field. 

In  the  case  of  minor  repairs,  the  propeller  balance  had  to 
be  checked  and  adjusted. 

(6)  Preventive  Maintenance 

The  plastic  materials  used  in  fabricating  the  Curtiss-Wright 
fiberglass  propeller  blades  have  been  used  for  many  years 
under  various  conditions  and  have  been  proven  to  be  tough, 
corrosion  resistant,  fungus  resistant  and  superior  to  metals 
with  respect  to  low  notch  sensitivity  and  strength-to-weight 
ratio. 

Howevr'-,  certain  preventive  maintenance  and  handling  care 
should  be  exercised.  Blades  should  be  inspected  before 
flight  for  any  external  damage  to  th  FRP  area  and/or  steel 
shank. 

Blades  should  also  be  checked  for  the  condition  of  the  foam 
bond  by  "tap  testing". 

Any  indication  of  damage  should  be  reviewed  and  appropriate 
action  taken.  Blades  should  be  handled  carefully.  They 
should  not  be  lifted  with  slings  or  hooks. 
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The  steel  shank  of  the  blade  should  be  protected  from  han¬ 
dling  damage  and  corrosion. 

FRP  blades  should  be  stored  in  suitably  padded  racks  when 
not  in  use,  and,  since  these  blades  are  foam-filled,  they 
should  not  be  stored  in  an  excessively  hot  location. 

d.  Reliability 

The  X-19  project  involved  the  integration  of  many  coinpnnents  and 
numerous  subsystems  into  a  complete  airplane  system,  and  although 
no  numerical  reliability  requirements  had  been  specified  either 
for  the  system  or  its  components,  it  was  obvious  that  the  opera¬ 
tional  reliability  goal  for  the  system  must  be  high. 

Thi3  was  dictated  by  the  requirements  of  aircraft  safety  and  per¬ 
formance,  as  well  as  by  the  necessity  of  mission  success,  and 
was  implied  in  the  specified  design  goal  of  10,000  hour  service 
life  and  1000  hours  time  between  overhaul  of  dynamic  components. 

The  project  plans  for  this  vehicles  did  not  include  reliability 
demonstration  testing  as  such.  The  X-19  test  program  revealed 
that  the  proposed  testing  was  primarily  intended  to  assure  the 
functional  adequacy  of  the  first  flight  article.  Pre-flight 
verification  is  predicated  on  demonstration  in  these  tests  of 
satisfactory  performance  of  each  component  and  subsystem,  where 
"satisfactory  performance"  is  defined  as  freedom  from  failures 
which  would  be  hazardous  in  a  preliminary  flight  test  program. 

The  testing  of  hardware  that  was  initiated  during  the  development 
phase  of  the  project  was  essentially  a  program  involving  the 
qualification  of  the  design  and  quality  assurance  of  the  proto¬ 
type  hardware. 

In  verifying  the  functional  and  structural  adequacy  of  the  proto¬ 
type  it  served  to  demonstrate  compliance  with  high  quality 
requirements  -  requirements  which  result  in  high  reliabilities 
for  mechanical  systems. 

The  experimental  program  scheduled  for  the  airplane,  its  sub¬ 
systems  and  components  is  outlined  in  Figure  100. 

In  recognition  of  the  fact  that  the  prototype  X-19  airplane  was 
an  experimental  model  devoted  to  extensive  flight  testing,  and 
that  it  was  the  fundamental  policy  to  pursue  flight  safety  and 
functional  adequacy  of  the  system  from  the  earliest  possible 
stage  of  system  utilization,  the  approach  to  the  problem  was  to: 

(1)  Defer  formal  demonstration  of  reliability  as  such  until  the 
flight  test  phase  of  the  program,  where  the  complete  system 
could  be  tested  under  a  truly  operational  environment. 
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(2)  Concentrate  the  reliability  effort  during  the  prototype 
development  phase  on  assuring  the  functional  adequacy  and 
flight  safety  of  the  vehicle,  rather  than  on  questions  of 
long  term  failure  probabilities, 

(a)  Make  failure  analyses  of  vital  subsystems  of  the  air¬ 
plane,  to  reveal  and  eliminate  design  deficiencies  which 
could  result  in  catastrophic  failure  or  inability  to 
perform  expected  flight  test  missions. 

(b)  Review  all  pre-flight  test  programs  and  results,  to 
detect  any  failure  modes  that  may  be  revealed.  Despite 
the  fact  that  reliability  measurement  during  the  pre¬ 
flight  phase  is  drastically  limited  by  the  scope  of  the 
test  program,  where  possible  the  testing  was  to  be 
directed  so  as  to  assure  the  most  meaningful  results 
possible  to  be  obtained  from  a  reliability  standpoint. 

e.  Propeller  Weight 

The  total  weight  of  the  complete  propeller-nacelle  assembly  of 
the  X-19  aircraft  as  assembled  for  flight  testing  on  the  #1  air¬ 
craft  was  585.9  lbs.  The  weight  breakdown  was  as  follows: 


(1)  Propeller  Assembly 


(a)  Assembly  less  Blades 

161.2 

(b)  Blades 

212.4 

(2) 

Nacelle  Housing  Assembly 

31.4 

(3) 

Housing  Filling  Actuator 

162.8 

(A) 

Spinner  Afterbody 

1.5 

(5) 

Tube  and  Dam  Assembly 

8.7 

(6) 

Spinner  Assembly 

5.4 

(7) 

Miscellaneous  Hardware 

2.5 

Total  585.9 

Note:  Propeller  weight  as  usually  quoted  is  373.2  lbs. 

2.  BLADE  STRUCTURAL  DESIGN 
a.  General 

The  use  of  fiberglass  reinforced  plastic  as  a  blade  material  has 
been  under  consideration  for  many  years,  the  first  design  studies 
by  Curtiss-Wright  having  been  made  in  1943.  The  main  attraction 
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of  this  material  was  the  favorable  strength-to-weight  ratio,  see 
Figure  101.  Several  problem  areas  were  recognized  such  as  the 
blade  retention,  adequate  filler  material,  method  cf  fabrication, 
etc.  Serious  studies  of  fiberglass  blades  were  started  in  1956 
and  active  development  initiated  in  early  1958  on  blades  for  the 
X-100  aircraft.  The  first  blades  were  molded  in  August  of  1958 
and  installed  on  the  X-100  aircraft  in  January  1959.  Since  that 
time  260  blades  have  been  molded  of  five  different  designs  in 
diameters  of  10',  13',  13*6"  and  15'6"  and  extensive  testing 
carried  out.  Three  different  designs  have  passed  standard  mili¬ 
tary  whirl  test  endurance  and  overspeed  tests  at  powers  up  to 
4400  horsepower  and  tip  speeds  up  to  1200  ft/sec.  See  Figure 
102. 

b.  Blade  Design 

As  finally  evolved,  the  Curtiss  fiberglass  reinforced  plastic 
blade  consists  of  a  hollow  monocoque  shell  molded  on  a  steel 
shank.  The  internal  cavity  is  filled  with  a  plastic  foam  to  pro¬ 
vide  the  necessary  support  and  rigidity  to  the  fiberglass  plates. 
This  structure  is  shown  in  Figure  103.  In  the  establishment  of 
this  design  several  structural  characteristics  had  to  be  inves¬ 
tigated.  These  were:  material  layup  and  properties,  steel  shank 
design,  and  the  foam  filler  requirements. 

(1)  Fiberglass  Material  Properties 

Following  extensive  material  evaluations,  it  was  determined 
that  a  combination  of  43  and  181  cloth,  in  the  ratio  of  3 
layers  of  43  to  one  layer  of  181,  was  best  suited  to  provide 
the  necessary  radial  and  chordwise  strength  requirements  of 
the  blades.  It  should  be  noted  however,  that  later  full 
scale  testing  proved  that  this  combination  was  marginal  with 
respect  to  shear  strength  and  shear  rigidity. 

In  the  more  recent  layups,  this  deficiency  had  been  cor¬ 
rected  by  adding  a  layer  of  181  cloth  at  45°  to  the  principal 
direction.  With  the  basic  layup  established,  extensive 
testing  was  carried  out  to  establish  the  pertinent  material 
characteristics,  i.e.  static  strength  and  moduli,  fatigue 
strength,  abrasion  characteristics,  etc.  The  results  of 
these  evaluations  are  9hown  in  Figures  104-112.  From  a 
structural  standpoint  the  most  important  of  the  material 
properties  is  the  Goodman  Diagram,  Figure  111.  As  shown, 
this  curve  represents  the  basic  material  characteristics; 
however,  for  design  purposes  this  curve  is  modified  to  pro¬ 
vide  a  safe  working  stress  limit.  The  design  curve  as  de¬ 
rived  for  the  fiberglass  blade  is  given  in  Figure  112. 

Other  pertinent  characteristics  evaluated  in  the  fiberglass 
blade  program  are  given  in  Figures  113  through  115. 
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Figure  103.  Sectioned  fiberglass  propelle 
fiberglass  shell  and  foam  fil 
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fiberglass,  ultimate  flexural  stress  and  mod 
ion  with  temperature.  One  layer  Stanpreg  Vet 
37,  three  layers  Stanpreg  Vet  43  per  CPS  503 
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Steady  Flexural  Stress  -  1000  psi 


Figure  112. 


Epoxy  fiberglass,  design  modified  Goodman  diagram  as  established 
for  propeller  blades.  One  layer  Stanpreg  Vet  181  per  CPS  5037, 
three  layers  Stanpreg  Vet  43  per  CPS  5038. 
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JJoating^ 


Thickness 


M 


ec imen 


Erosion 
In. /hr 


Neoprene 
Uscothane 
Eccocoat  IC2 
Stainless  Steel 
Proprietary 
Proprietary 
Adiprene  LD-315 
Conap 

Adiprene  LD-213 
Bostik  435 
Mar shall  Urethane 
Dayglo  202-14 
Chemglaze  Z051 


.025 

.040 

.014 

.012 

.019 

.011 

.020 

.015 

.023 

.007 

.013 

.005 

.009 


.0022 

.0025 

.0027 

.0036 

.0042 

.0042 

.0081 

.0086 

.0091 

.0602 

.0640 

.0840 

.1441 


This  chart  shows  a  comparison  test  run  on  the  Curtiss-Wright 
erosion  test  machine.  The  specimens  are  listed  in  order  of 
their  rates  of  erosion.  The  first  two  materials  are  relatively 
impractical  to  cover  an  entire  blade  because  of  their  weight 
and  need  for  cement  bonding  but  are  useful  as  leading  edge 
abrasion  strips.  The  Eccocoat  is  not  usable  because  of  its  high 
cure  temperature.  The  stainless  steel,  while  it  has  a  fairly 
low  erosion  rate,  is  not  as  good  as  it  might  appear  since  it  is 
puckered  and  full  of  pinholes.  This  condition  is  virtually 
eliminated  when  the  stainless  is  coated.  The  two  proprietary 
coatings  therefore  are  the  most  satisfactory  in  current  use. 


Figure  113.  Comparative  erosion  resistance  of  various  coating  materials 
on  fiberglass. 
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Uncoated  -  Coated 


The  effect  of  immersion  in  various  solvents  for  seven  days  on 
the  ultimate  tensile  strength  of  epoxy  fiberglass  with  and 
without  urethane  coating. 


Shear  Strength  (psi) 


Shell  VI 


Angler 
SVL  164 


Angler 
SWL  164 


Shank  Double  Wnp 
Cured  FRP  to  Cured  FRP 
Stainless  to  FRP 
Stainless  to  Neoprene 


Neoprene  to  FRP 


-65°F 

R.T. 

165°F 

2700 

3800 

1250 

449 

124 

Peel  Strength  (ppi) 

■65°F  R.T.  165°F 


Figure  115.  The  strength  characteristics  of  the  various  adhesives  selected 
for  use  in  the  manufacture  of  fiberglass  reinforced  plastic 
blades . 
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(2)  Foam  Filler 

On  the  basis  of  the  theoretical  wall  thickness,  the  hollow 
fiberglass  shell  would  be  completely  inadequate  as  a  pro¬ 
peller  blade.  Because  of  the  high  flexibility  of  the  plates, 
extensive  buckling  would  occur  at  very  low  loads.  This  could 
obviously  be  remedied  by  designing  the  shell  by  elastic 
buckling  criteria.  However,  that  approach  would  result  in 
wall  thicknesses  which  would  nullify  the  fundimental  mater¬ 
ial  weight  advantage.  The  other  alternative  is  to  support 
the  plates  in  such  a  manner  as  to  prevent  local  plate  in¬ 
stability.  The  developments  in  foam  plastics  offered  the 
ideal  material  for  a  blade  filler.  An  extensive  development 
program  „as  carried  out  to  select  a  foam  that  would  have  the 
required  characteristics:  low  density,  high  strength,  good 
elongation,  good  bonding  to  the  glass,  etc.  The  foam  de¬ 
velopment  extended  over  a  considerable  period.  Typical 
characteristics  of  the  initial  selections  are  given  in 
Figure  116.  In  full  scale  blade  testing  and  flight  testing 
the  foam  proved  to  be  the  critical  area  in  the  design. 

All  blade  failures  apparently  initiated  with  a  foam  separa¬ 
tion  or  foam  failure  followed  by  a  shell  failure.  Foam 
development  was  a  continuing  program,  and  the  final  blades 
for  the  X-19  included  a  considerably  improved  variation. 

(3)  Steel  Shank 

In  the  initial  blade  development  studies,  it  was  apparent 
that  the  fiberglass  material  would  not  be  adequate  for  a 
conventional  Curtiss  flanged  blade  retention.  An  entirely 
new  system  of  blade  retention  would  have  to  be  developed  for 
an  all  fiberglass  design.  Therefore,  in  the  initial  devel¬ 
opment  it  would  be  more  expedient  to  adapt  the  fiberglass 
blade  to  the  time  proven  flanged  steel  retention,  and  con¬ 
tinue  a  f ibergl ass  retention  development  as  a  separate 
program. 

In  establishing  the  shank  design  the  primary  consideration 
was  to  provide  a  fail-safe  joint  between  the  glass  and 
steel,  i,e.  a  design  which  would  continue  to  support  the 
propeller  loads  in  the  event  of  a  bond  failure. 

Several  designs  were  studied,  but  the  final  selection  was 
the  relatively  simple  flaired  or  bell  shaped  tube,  see 
Figure  117.  This  design  has  proven  to  provide  the  necessary 
mechanical  interlock  between  the  fiberglass  and  3teel  re¬ 
quired  to  transmit  the  centrifugal,  bending,  and  torsional 
loads  without  bonding.  In  practice,  however,  the  fiberglass 
is  carefully  bonded  to  the  steel,  and  the  interlock  feature 
is  only  provided  to  prevent  catastrophic  failure  xn  the 
event  of  inadequate  bonding. 
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astic  blade.  Polyether  bas 
cubic  foot,  B  =  5.0  pound 


f 

i 


k  (a)  Material  -  In  order  to  minimize  blade  weight  of  the 

t  X-19  propeller,  the  steel  shank  utilized  high  strength 

l  steel.  The  material  was  AMS  6415,  RC  42-46.  It  is 

•«.  obvious  that  this  hardness  is  bordering  on  the  un¬ 

desirable  brittle  range  of  the  material.  As  a  pre¬ 
caution  against  structural  problems,  the  Metallurgy 
Department  specified  special  heat-treat  procedures  for 
the  processing  of  these  shanks.  In  the  initial  devel¬ 
opment  some  cracking  occurred  due  to  hydrogen  embrittle¬ 
ment  and  during  the  fiberglass  molding  cycle,  Figure 
118,  This  problem  was  overcome  with  the  improvement  of 
handling  and  processing  techniques, 

c.  Design  Details  -  13166A10P3 

(1)  General  Design  Data 

The  13166A10P3  design  blade  has  a  13'0"  installed  diameter, 
has  a  calculated  activity  factor  of  166  and  an  integrated 
design  Cl  of  0.055.  A  flange  type  shank  design,  having  a 
bearing  diameter  of  4.4086/4.4078  inches  is  incorporated  in 
the  13166A10P3  blade.  The  blade  manufacturing  centerline 
distance  is  2.193  inches  as  measured  from  the  butt  face  of 
the  blade  shank  and  the  2.35  degree  blade  forward  tilt  is 
incorporated  by  a  machining  operation  starting  at  the  7-inch 
station.  See  Table  IV  for  a  complete  tabulation  of  more 
detailed  General  Design  Data. 

(2)  External  Data 

This  blade  planform  is  parallel  sided  from  approximately  the 
15  inch  station  through  the  42  inch  station  with  a  chord 
width  of  25  inches.  The  planform  tapers  in  a  slight  arc  to 
-  a  chord  of  7.95  inches  at  the  tip  station.  The  aerodynamic 

design  of  the  blade  is  discussed  in  Section  4. 

The  blade  section  profiles  used  from  the  18  inch  station 
outboard  to  the  tip  are  NACA  series  -  64  type.  Inboard 
of  the  18  inch  station  a  mathematical  fairing  profile 
was  calculated  to  the  last  round  station  at  7.5  inch 
blade  radius.  See  Table  V  for  a  tabulation  of  the  Blade 
External  Characteristics  Data. 

(3)  Internal  Data 

Wall  thickness  of  the  steel  blade  root  and  the  fiberglass 
cloth  lay-up  in  the  13166A10P3  design  blade  has  been  deter¬ 
mined  to  satisfy  the  structural  requirements  based  on  the 
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Table  IV,  Blade  design  13166A10P3;  general  design  data  and  summary 


Blade 

Design 

Diameter 

Accivity  Factor 

Integrated  Design  Lift  Coefficient 
h/b  at  .25  R 
at  .50  R 
at  .75  R 
R 

.  75R 

/3  42"  sta.  -  /3  .75  R 
b/D  Max. 
b  Max . 

Forward  Tilt  -  Origin  7"  Sta.  /3  at  42" 
station  -30° 

External  Surface  Area  from  7.5"  Station  to 

Volume  of  Fiberglass 

Volume  of  Foam  Filler  Blade 

Volume  of  Foam  Filler  Shank  Fairing 

Total  Blade  Weight 

Total  Blade  Monent 

Blade  Center  of  Gravity  -  Station 

Edge  Unbalance  (Leading  Edge  Heavy) 

Vertical  Balance  Moment  (  /3  42"  Sta.= 
Face  Unbalance  (Camber  Face  Heavy) 

Vertical  Balance  Moment  (  £  42"  Sta.= 

Polar  Moment  of  Inertia 


Hollow  Fiberglas 
13166A10P3 
13  feet 

166 

.055 

.2400 

.1550 

.0947 

78.0" 

58.50" 

8.50° 

.1603 

25.00" 

2.35° 

.p  3066  sq.  in. 

403  cu .  in. 

1916  cu .  in. 

590  cu .  in . 

59.15  lbs. 

1457.15  in.  lbs. 
24.65  Station 


=0°)  -4.10  in.  lbs. 
=90°)  30.47  in.  lbs. 
11.21  slug  -  i 
57,369  lbs. 


Centrifugal  Force  Total  (1210  rpm)  57,3 

Centrifugal  Stress  Max.  at  1210  rpm 

Steel  15,0 

Fiberglass  4,2 

Station  at  Max  Centrifugal  Stress 

Steel  7.5" 

Fiberglass  42" 

Centrifugal  Twisting  Moment  at  1210  RPM 

without  tilt  23,9 

with  tilt  23,5 

0  42"  Sta.  at  Max.  Centrifugal  Twisting  M^men.  - 
without  tilt  39.55° 

with  tilt  38.13° 


15,000  lbs./in„ 
4,250  lbs./in^ 

.5"  Station 
42"  Station 


23,992  in.  -  lbs 
23,540  in,  -  lbs 
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Table  V.  "lade  design  13166A10P3;  blade  section  characteristics  data. 


E 
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Before  1"  Corner  Radii  and  Full  Thickness  Radius 


allowable  stresses  for  the  fiberglass  system  and  steel 
selected.  The  steel  blade  root  is  fabricated  from  a  bell¬ 
shaped  die  forging  which  includes  the  blade  forward  tilt 
requirement.  Fabrication  consists  of  a  machine  turning 
followed  by  hot  forming  and  final  machining  to  produce  the 
desired  shank  shape  and  spline  configuration.  In  the 
13166A10P3  shank  configuration,  the  outboard  fiberglass 
blade  is  held  to  the  steel  shank  mechanically  without  rely¬ 
ing  on  the  bonding  properties  of  the  fiberglass. 

Any  bonding  realized  is  considered  as  an  additional  factor 
of  safety  and  is  not  included  in  the  structural  calcula¬ 
tions,  A  lightweight,  8  lbs.  per  cu.  ft.  internal  foam 
plastic  filler  is  used  in  the  131S6A10P3  blade  for  control 
of  plate  diaphragming,  blade  distortion  and  vibratory 
stresses.  The  internal  foam  also  contributes  tc  the  stiff¬ 
ness  and  load  carrying  capacity  of  the  fiberglass  structure. 

A  5  lb.  per  cu.  ft.  foam  is  used  as  an  internal  filler  of 
the  blade  shank  fairing  which  extends  from  the  7.5  to  27 
inch  station.  This  shank  fairing  has  a  0.015  inch  external 
fiberglass  cover  sheet.  The  total  weight  of  the  foam  is 
approximately  10  lb.  The  shank  weighed  18.5  lb.  and  the 
fiberglass  was  approximately  41  lb. 

(4)  Section  Properties 

The  section  properties,  for  the  basic  fiberglass  blade,  foam 
plastic  blade  filler,  and  the  steel  blade  root,  were  calcu¬ 
lated  using  digital  computing  equipment.  For  evaluation  of 
the  composite  structure,  ail  values  for  materials  other  than 
fiberglass  were  converted  to  their  respective  "fiberglass 
equivalent"  values.  Density  values  for  the  materials  used 
are  as  follows: 


Internal  Foam 

0.00463 

lbs./cu.  in. 

Fairing  Foam 

0.00289 

lbs./cu.  in. 

Fiberglass 

0.070 

lbs./cu.  in. 

Steel 

0.284 

lbs./cu.  in. 

Urethane  Rubber 

0.039 

lbs./cu.  in. 

Table  VI  is  a  sumnary  of  the  blade  sections  properties. 

(5)  Blade  Construction 

The  13166A10P3  design  blade  was  fabricated  by  the  following 
method : 

(a)  Machine  and  hot  form  die  forging  162848F  to  the  steel 
blar’e  root  configuration,  Dwg.  164206. 
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Table  VI.  Blade  design  13166A10P3;  summary  of  blade  structural  &  mass 
section  properties  (equivalent  to  fiberglass). 


Including  D.W 


(b)  Assemble  blade  root  164206  with  Teflon  Bladder  filled 
with  clay  beads  and  shape  to  core  mold.  Form  rigid 
blade  layup  mandrel  by  drawing  a  vacuum  on  the  bladder. 

(c)  Layup  fiberglass  cloth,  cut  to  shape,  over  steel  blade 
root  and  bladder  mandrel  to  the  specified  wall  thick¬ 
ness  . 

(d)  Place  "part  c"  assembly  into  blade  mold  and  place  in 
press.  Release  vacuum  and  build  up  internal  pressure 
in  bladder.  Heat  blade  mold  to  required  temperature 
and  cure  at  300°-325°F. 

(e)  Remove  blade  mold  from  press  and  remove  internal  beads 
and  Teflon  bladder.  Foam  fill  blade  internally  with 

8  lb./cu.  ft.  rigid  foam  and  heat  in  press  to  cure 
foam. 

(f)  A  second  wrap,  consisting  of  a  fiberglass  filament 
wound  operation  at  a  specified  tension  on  a  controlled 
schedule  was  added  and  cured  at  this  time  for  increased 
hoop  strength. 

(g)  Build  up  leading  edge  aerodynamic  strip  60  in.  station 
to  tip  in  accordance  with  Wx  dimension  shown  on  fin¬ 
ished  section  detail  dwg.  L-12953. 

(h)  Line  13166A10P3  Blade  Shank  Fairing  Mold  with  0.015  in. 
thick  fiberglass  cloth  and  assemble  fairing  mold  on  the 
foam  fiberglass  blade.  Fill  fairing  mold  with 

5  lb./cu.  ft.  foam  and  cure. 

(i)  Perform  all  necessary  finishing  and  balance  operations. 

Propeller  balancing  of  these  blades  will  be  accomplished  by 
adjustment  of  the  radial  location  of  the  blades  in  the  pro¬ 
peller  hub.  The  total  range  of  radial  adjustment  possible 
is  0.140  in. 

This  movement  amounts  to  approximately  7.5  in.  lbs.  Blade 
horizontal  balance  moment  is  controlled,  during  blade 
fabrication,  and  is  maintained  within  tolerance  of  a  master 
balance  moment.  Note  that  no  balance  provisions  have  been 
provided  for  in  the  blade  shank  configuration  Dwg.  No. 
164206.  Therefore,  blade  balancing  is  accomplished  by  minor 
variations  in  the  number  of  layers  of  cloth  or  the  foam 
density. 
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(6)  Blade  Material 


(a)  Blade  Root 

The  steel  blade  root  was  fabricated  from  Dwg.  No. 
162848F  die  forging.  The  die  forging  steel  is 
AMS  6415,  fully  annealed,  Brinell  229  max.  After 
machining,  the  steel  shank  is  heat  treated  per 
CPS  7011  to  the  desired  hardness  of  Rockwell  C  42  -46. 

(b)  Fiberglass 

Two  types  of  fiberglass  fabrics  are  specified  for  the 
structural  blade  wall  thickness.  These  fabrics  are 
impregnated  per  CPS  5033  by  the  Standard  Insulation 
Co.  These  materials  are: 

(aa)  Stanpreg  VET  181,  per  CPS  5037,  bidirectional 
fabric 

(bb)  Stanpreg  VET  43,  per  CPS  5038,  unidirectional 
fabric 

(cc)  Roving  60  End,  per  CPS  5039,  204  Filaments 

The  following  tabulation  presents  test  values  based  on 
repeated  tests  of  the  Stanpreg  System.  A  ratio  of  one 
layer  of  VET  181  material  to  three  layers  of  VET  43 
material  was  used  in  the  fabrication  of  test  specimens 
to  be  consistent  with  the  blade  fabrication  layup.  The 
60  end  roving  was  used  as  a  double  wrap  in  the  shank 
region  with  the  filament  wound  at  a  specified  tension 
on  a  controlled  schedule. 


Physical  Properties  43:181-3:1 
Ultimate  Tensile 


Longitudinal  79000  to  117000  psi  Avg.  101,700  psi 
Transverse  25700  to  31470  psi  Avg.  28,700  psi 

Ultimate  Flexural 


Longitudinal  108,600  to  147,230  psi  Avg.  129,200  psi 
Transverse  43,240  to  51,000  psi  Avg.  46,400  psi 

Tensile  Modulus 


Longitudinal 


(5.4  to  7 . 15) x  106  Avg.  6.2  x  106 
(5.4  to  6.01)x  10&  Avg.  5.66  x  10^ 


Primary 

Secondary 
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Transverse 


Primary  (2.8  to  5.4)  x  10^  Avg.  3.77  x  10^ 

Secondary  (.85  to  1.3)  x  10^  Avg.  1.05  x  10^ 

Flexural  Modulus 

Longitudinal 

Primary  (5.37  to  6.38)  x  10^  Avg.  5.7  x  10^ 
Transverse 

Primary  (3.36  to  3.99)  x  10^  Avg.  3.8  x  10^ 

Flexural  Endurance  Limit  SN  Curves 

Longitudinal  (Infinite  Life)  +  13000 

Transverse  (Infinite  Life)  +  7000 

Flexural  Endurance  From  Goodman  Curves 

Longitudinal  (20  x  106)  8000  psi  +  8500 

(20  x  106)  18000  psi  +  6000 

The  tested  density  of  the  fiberglass  laminate,  with  a 
307o  approximate  resin  content,  is  0.070  lb/cu.  in. 

(c)  Fiberglass  Roving 

This  material  is  a  glass  roving,  per  CPS  5039  im¬ 
pregnated  with  an  epoxy  resin,  per  CPS  5033. 

(d)  Blade  Internal  Foam 

The  blade  cavity  was  filled  with  an  8  lb./cu.  ft., 
rigid,  self  bonding  foam  plastic  filler. 

(e)  Fairing  Internal  Foam 

The  fairing  cavity  was  filled  with  a  5  lb./cu.  ft. 
rigid,  self  bonding  foam  plastic  filler. 

(f)  Urethane  Rubber  Coating 

To  protect  the  blade  against  erosion  and  abrasion 
damage  a  coating  of  Elastomeric  Urethane  was  applied 
to  the  entire  external  fiberglass  blade  surface. 
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d.  Design  Details  -  13166A12P3  Design 

In  the  later  phases  of  the  X-19  program  the  13166A10P3  blade  was 
modified  to  incorporate  an  improved  foam  filler  and  the  fiber¬ 
glass  layup  was  modified  to  provide  better  shear  strength.  This 
revised  design  was  designated  the  13166A12P3  blade.  This  design 
was  phased  into  the  airplane  program  in  the  summer  of  1565.  The 
design  was  adequately  proven  by  testing  orior  to  acceptance  for 
flight.  However,  formal  analyses  of  the  design  s-as  not  ini¬ 
tiated  prior  to  temination  of  operations.  The  section  details 
are  given  in  Table  VII  for  comparison  purposes. 

e.  Structural  Analysis 

A  complete  structural  analysis  has  been  made  for  the  13166A10P3 
design  and  pertinent  factors,  are  presented  in  this  report. 

(1)  Design  Loads 

The  initial  design  loads  for  the  13166A10P3  were  established 
from  the  early  aerodynamic  considerations  (33)  for  12,300 
lbs  gross  weight  aircraft.  A  total  of  six  flight  condi¬ 
tions  were  selected  to  cover  the  load  spectrum  of  the 
blades.  These  conditions  together  with  the  resultant  pro¬ 
peller  loads  are  shown  in  Table  VIII. 

Subsequently  the  X-19  flight  loads  were  revised  as  the 
state  of  the  art  advanced  and  a  review  of  that  data  shows 
that  the  maximum  loads  during  transition  were  changed  to 
some  extent.  With  the  higher  gross  weight,  the  airplane 
design  load  factors  were  reduced  from  3.0  to  2.7  and  there¬ 
fore  the  high  speed  maneuver  loads  were  essentially  the 
same.  The  revised  loads  are  also  shown  in  Table  VIII. 
Preliminary  analysis  indicated  that  with  respect  to  the 
blades  the  initial  loads  were  slightly  conservative  and 
these  conditions  were  retained  for  detailed  blade  design 
purposes . 

(2)  Stress  Analysis 

The  detailed  analysis  of  this  blade  has  been  made  using  the 
methods  of  analysis  developed  over  the  years  for  metal 
blades.  Strictly  speaking,  these  procedures  are  not  com¬ 
pletely  applicable  due  to  the  anisotropic  characteristics  of 
the  fiberglass  i^fer-i al .  However,  during  the  FRP  blade 
development  program,  extensive  static  and  fatigue  testing 
was  carried  out  on  specimens,  panels,  and  full  scale 
blades.  This  testing  proved  that  the  directional  charac¬ 
teristics  of  the  material  were  small  and  conventional 
theory  was  generally  applicable. 
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Table  VII,  Blade  design  13166A12P3;  summary  of  blade  structural  &  mass 
section  properties  (equivalent  to  fiberglass). 
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Table  VIII.-  Design  propeller  loads  13166A10P3  blade,  X-19  aircraft.; 
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The  transition  area  of  the  fiberglass  to  the  steel  shank, 
i.e.,  from  7.5  in.  to  the  17.5  in.  radii  involves  a  complex 
load  transfer  analysis  which  is  not  amenable  to  the  simple 
or  conventional  approach. 

The  structural  adequacy  of  this  section  has  been  substan¬ 
tiated  by  test  and  has  included  static  and  fatigue  testing 
in  the  laboratory  plus  full  scale  propeller  testing  on  the 
Curtiss  gyroscopic  test  stand  and  on  the  ASD  whirl  rig. 

This  testing  is  discussed  in  more  detail  in  Section  V,2.f. 

The  exact  manner  of  load  transfer  and  precise  stress  dis¬ 
tribution  in  this  bi-material  section  is  subject  to  further 
investigation.  Additional  analytical  study  and  experimental 
verification  is  required  to  yield  a  precise  theoretical 
procedure  for  analyzing  this  blade  area. 

(d)  Steady  and  First  Order  Loads  and  Stresses 

Using  the  loads  as  previously  defined,  the  resulting 
blade  stresses,  retention  loads,  and  shaft  loads  are 
given  in  Table  VIII,  For  reference  purposes  typical 
blade  stress  distributions  are  plotted  in  Figures  119 
and  120. 

These  data  (blade  stresses,  retention  and  shaft  loads) 
as  given  in  Table  IX  were  based  upon  the  computed 
flight  characte-istics  of  a  12,300  lb.  design  gross 
weight  airplane.  They  were  considered  to  be  the  de¬ 
sign  values  for  the  13166A10P3  blade  and  associated 
propeller  components.  Note  that  the  shaft  loads  of 
Table  IX  give  a  vibratory  component.  This  is  based 
upon  the  results  of  the  Ames  tunnel  test  of  the  X-100 
airplane  which  indicated  extraneous  blade  vibration  of 
2xP  and  4xP  frequency.  These  will  be  felt  by  the 
propeller  shaft  as  a  3xP  vibration.  It  was  further 
observed  in  blade  manufacturing  that  there  was  a  varia¬ 
tion  in  the  tilt  between  blades.  The  tilt  difference 
between  blades  is  due  to  the  change  in  shank  position 
within  the  die  during  manufacturing.  This  effect  pro¬ 
duced  a  rotating  couple  or  unbalance  on  the  propeller 
shaft  which  varied  with  blade  angle  setting  and  RPM. 
Through  selective  blade  assembly  for  the  propeller, 
this  unbalance  moment  was  held  to  a  maximum  of  4400 
in. -lbs . 


The  blade  stresses  as  given  in  Table  IX  are  considered 
satisfactory  except  for  continued  operation  at  high 
speed  maneuver  condition  (n  =  3)  where  the  stresses 
exceed  the  fatigue  strength  on  both  the  steel  shank 
and  the  outboard  fiberglass. 
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Figure  119.  The  1316C.M0P3  blade  steady  stress  distribution  for  s  pitching 
maneuver  during  transition  flight;  927  hp,  1065  rpm,  80  knots. 


Table  IX. 


Summary  of  structural  analysis;  13166A10P3  blade  design, 
design  loads  for  12,300  lb  airplane  gross  weight. 


Polar  Kwnl  ot  Inertia,  Ip  ■  11-2  alug  ft^ 

Cantrlf-iga.  IVatlng  Komer.c,.  ^  -  23,400  In.,  lb  at  1204  rpm,  S42"  *  41‘ 
Centrifugal  force,  CF  ■  56,900  lb  at  1204  rpa 


n  ■ . . 

Condition 

High  Speed 

I  tea 

Hover 

£<juil,  liana. 

Tram.  +  Gust 

han.  Trans. 

Climb 

Maneuver  (n  -  3) 

HP 

1 , 200 

. ...  - 

650 

-  "  ~ — 

650 

927 

470 

475 

rpn. 

1.204 

1,065 

1,065 

1,065 

955 

955 

V  -  knots 

0 

80 

80 

80 

218 

252 

Blade  Stress  -  psi 

Shank  -  5"  Sea. 

29,500 

14,700  +  In, 300 

15,500  ♦  19,100 

19,940  +  17,500 

12,850  +  14,200 

12,670  +  40,000 

<X*tboard 

9,  £60 

4,660  ♦  3,830 

4,010  +  4,840 

5,790  +  3,740 

3,740  +  2,930 

3,550  +  7,050 

Lor at  ion  *  ir.Sta. 

4$ 

48 

54 

48 

42 

42 

Retention  Load* 

CF  lb 

56,900 

**4,300 

44,:00 

44,500 

35,700 

35.700 

Mg  -  in.  lb  at  Made  butt 

58,900 

14,860 

17,600 

38,020 

14,400 

13,400 

My  -  in  lb  at  blace  butt 

•  —  * 

-  61 .500 

*  14,000 

+  1,800 

+  54,600 

+  142,500 

Mg  in.  lb  st  ceering  stack 

56  ,C2n 

13,180 

15,060 

31 , 90w 

13,500 

12,300 

My  -  in.  lb  at  bearing  stack 

--- 

+  o0,3C0 

*  •  30C 

♦  66,000 

+  52,800 

+  139,000 

9Mg  -  degrees 

13 

79  : 

24.6 

21.0 

29.4 

26.6 

-  degree* 

*— 

18.1 

7.8 

20.8 

43.0 

63.7 

Shaft  Loads 

T  -  Thrust  *'  lb 

5,400 

2,440 

2,670 

3,400 

585 

373 

N  -  Normal  Force  -  lb 

510 

187 

672 

923 

3,120 

V  *  Side  Force  -  In 

--- 

84 

113 

56 

246 

795 

K-  Pitch  Moment  -  in.  lb 

— 

56,400 

74,100 

53,400 

18,000 

38.000 

My  -  Yawing  Moment  -  in.  lb 

---- 

42,000 

46,400 

53,400 

46,800 

70,300 

♦My  -  Shaft  Vibrate* y  Jtoment  -  In  lb 

+  17,600 

+  21,800 

18,800 

♦  10.000 

♦  16,000 

This  ffiownt  is  based  upon  the  preliminary  reduction  of  data  taken  on  the  full  scale  tests  of  the  JC-100  airplane  la 
tne  Ames  40  30  tunnel.  The  frequency  with  respect  to  the  propeller  support  will  be  3XP.  In  addition,  the  propeller 

viii  genera  *  rotating  couple  due  to  differential  tilt  between  blades  which  will  Have  a  magnitude  on  the  order  of 

4'*''  inch  pounds. 
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The  blade  stress  analysis  further  indicated  that  the 
design  vibratory  stresses  of  the  blade  material  would 
be  exceeded  at  load  factors  greater  than  1.7.  A  life 
of  6  hours  was  computed  for  a  blade  operating  at  loads 
corresponding  to  a  load  factor  of  3.0.  In  view  of  the 
original  design  decision  to  regard  operation  at  this 
load  factor  as  an  emergency  or  demonstration  condition 
which  is  transient  in  occurrence  a  calculated  blade 
life  of  6  hours  was  considered  satisfactory. 

Between  the  1.5  and  17.5  in  radii,  the  stresses  as 
shown  in  Figures  119  and  120  are  nominal  values  com¬ 
puted  on  the  assumption  that  conventional  beam  theory 
was  applicable.  For  this  bi-material  region  such  an 
assumption  served  only  for  qualitive  comparison  of  the 
resulting  stresses.  Since  a  rigorous  theoretical 
solution  was  not  possible,  the  structural  adequacy  of 
this  area  was  verified  by  experimental  means.  Stress 
magnitudes  and  distributions  typical  of  the  steel- 
fiberglass  junction  area  at  test  loads  corresponding 
to  the  maneuvering  transition  condition  are  given  in 
Figures  121  and  122. 

(b)  Resonant  Frequencies  and  Flutter 

The  computed  fixed-root  frequencies  of  the  13166A10P3 
blade  are  shown  in  Figure  123.  These  curves  show  both 
a  3xP  excited  flapping  and  4xP  excited  edgewise  res¬ 
onance  close  to  the  cruise  RPM,  and  only  slightly 
removed  from  the  transition  speed.  However,  by  virtue 
of  the  material  damping  characteristics  of  the  fiber¬ 
glass  propeller  blades  and  for  the  anticipated  magni¬ 
tude  of  the  excitation  no  serious  blade  stress  problem 
was  anticipated  as  a  result  of  these  proximites  to 
resonances.  In  cruise  flight,  based  on  conventional  ' 
airplane  experience,  3xP  and  4xP  excitations  of  suffi¬ 
cient  strength  to  produce  excessive  stress  would  not 
be  expected.  In  transition  where  these  higher  ordered 
excitations  may  be  more  significant,  a  low  blade 
response  is  expected.  This  contention  was  based  upon 
experimental  evidence  obtained  in  laboratory  testing, 
on  the  gyroscopic  whirl  rig,  and  during  WPAFB  calibra¬ 
tion  testing  which  have  all  demonstrated  high  damping 
characteristics  of  the  laminated  glass  blade  design 
and  a  corresponding  low  response  at  resonant  condi¬ 
tions.  However,  these  potential  blade  resonant  prob¬ 
lems  were  to  be  carefully  investigated  by  analysis  of 
the  strain  gage  data  during  t.he  aircraft  flight  test 
program. 
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Figure  121.  Comparison  of  the  calculated  and  measured  steady  stress 

distribution  around  the  11  inch  station  on  the  13166A10P3 
blade.  Centrifugal  load  =  46,000  pounds,  bending  moment  = 
24,000  inch-pounds. 
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The  calculated  stall  flutter  characteristics  of  the 
13166A10P3  blade  indicate  a  flutter-free  design.  This 
was  experimentally  demonstrated  by  ASD  of  WPAFB  up  to 
1400  horsepower  which  is  well  beyond  the  take-off 
requirements  of  the  X-19  aircraft.  The  major  factor 
in  evaluating  stall  flutter  is  the  "reduced  frequency". 
The  natural  torsional  frequency  of  these  fiberglass 
blades  is  considerably  higher  than  with  past  metal 
blades.  For  example,  in  hollow  steel  blades  the 
fundamental  torsional  frequency  ranged  from  50  to  80 
cps,  on  solid  dural  blades  the  general  range  was  from 
90  to  120  cps.  However,  on  the  fiberglass  test  blades 
the  torsional  frequency  was  measured  at  approximately 
230  cps.  This  significantly  higher  frequency  is 
directly  reflected  in  the  reduced  frequency  parameter 
which  was  sufficiently  high  that  a  stall  flutter-free 
condition  was  shown  by  calculation.  It  is  to  be  fur¬ 
ther  noted  that  theoretical  stall  flutter  studies  have 
shown  that  high  camber  and  tapered  planform  are  flutter 
deterents,  and  both  of  these  features  have  been  in¬ 
cluded  in  these  fiberglass  blades.  High  camber  is  a 
stall  flutter  deterent  only  because  the  maximum  lift 
coefficient  is  higher  than  a  low  camber  design  and  if 
the  solidities  of  blades  compared  are  identical. 

f.  Full  Scale  Blade  Testing 

This  section  presents  the  details  and  summary  of  the  results  of 
full  scale  testing  on  the  propeller  blades  as  component  items. 
Other  full  scale  testing  pertinent  to  the  blade  development  and 
qualifications,  but  which  included  the  testing  of  the  entire 
propeller  assembly,  are  discussed  in  Section  V,7. 

(1)  Free-free  Testing 

The  purpose  of  this  test  was  to  establish  the  endurance 
limit  of  the  outboard  portion  of  the  full  scale,  as 
manufactured,  blade.  For  this  test  the  blade,  instru¬ 
mented  to  measure  longitudinal  vibratory  strains,  was 
suspended  vertically  by  a  clamp  at  the  shank  end,  Figure 
124.  The  blade  was  excited  in  its  fundamental  flapping 
mode  and  a  vibratory  stress  survey  made.  Endurance  testing 
was  then  continued  while  monitoring  the  maximum  flexural 
stress.  The  actual  endurance  running  was  made  in  steps  of 
increasing  stress,  and  running  each  value  for  ten  million 
cycles  or  until  failure.  A  summary  of  test  results  per¬ 
tinent  to  the  X-19  blades  is  given  in  Table  X. 

A  typical  blade  failure  is  shown  in  Figure  125.  Testing  of 
this  type  has  established  as  flexural  endurance  limit  for 
the  13166A10P3  blade  of  +  9900  psi. 
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Figure  125.  Typical  blade  failure  obtained  in  free-free  endurance  testing. 

This  blade  completed  10  x  10^  cycles  at  each  of  ±8000,  ±9000, 
±10,000  and  ±11,000  psi.  Failure  occured  at  1.2  x  10^  cycles 
at  the  ±12,000  psi  level. 


ee-ijs 


214 


(2)  Fixed  -  Root  Testing 


This  particular  type  of  blade  testing  was  designed  to  estab¬ 
lish  the  fatigue  strength  of  the  inboard  end  of  the  b’adc( 
For  this  testing  the  blade  was  clamped  at  the  shank  and  an 
exciting  force  wr.s  applied  outboard  and  in  the  chordwise  di¬ 
rection,  see  Figure  126.  As  was  customary  in  this  type  >f 
testinp,  strain  gages  were  installed  and  the  areas  of  maxi¬ 
mum  si. ess  were  located  and  monitored  throughout  the  endur¬ 
ance  testing.  In  the  X-19  program,  test  blade  Serial  No. 
P-68-2,  completed  vibratory  stress  surveys  at  +  4  ,000  and 
+  6,000  psi  levels.  Endurance  testing  was  initiated  at 
+  6,000  psi  vibratory  stress  level  and  run  for  20  x  10^ 
cycles.  Following  this,  the  stress  level  was  increased  in 
+  1,000  psi  increments  and  run  for  10  x  10^  cycles  at  each 
level  until  failure. 


Stress  Level  Cycles 

+  6,000  20 

+  7,000  10 

+  8,000  10 

+  9,000  0.2 


at  Level 

Total  Cycles 

c  106 

20  x  106 

c  106 

30  x  106 

c  106 

40  x  106 

c  106 

40.2  x  106 

After  0.2  x  10^  cycles  were  completed  at  +  9,000  psi  level, 
the  test  was  terminated  due  tc  failure.  Typical  failures 
obtained  from  this  type  of  testing  is  shown  in  Figure  127. 


The  results  obtained  in  this  test  demonstrated  a  blade 
endurance  limit  (based  on  50  x  10^  cycles)  in  the  edgewise 
direction  of  +  7,900  psi.  This  is  significantly  above  the 
established  design  stress  of  +  6,000  psi,  thus  substantiating 
the  use  of  that  value  for  design  purposes. 

(3)  Blade  Torsion 


The  blade  torsion  test  as  essentially  the  same  basic  set-up 
as  the  free-f-ee  test  previously  discussed  except  that  the 
blade  was  excited  in  the  fundamental  torsion  mode  by  two  ex¬ 
citers  180°  out  of  phase.  This  test  set-up  is  shown  in 
Figure  128. 

For  the  X-19  program  two  blades  were  run  as  follows:' 
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Figure  126.  Laboratory  test  set-up  for  fixed  root  endurance  testing  of 
propeller  blades.. 


I 


W-134 
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21 


M-122 
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of  propeller  blades. 


Blades  P-41  (-4) 


Shear  Stress 
Level  -  PSI 

+  445 

+  582 

+  730 

±  845 

±  935 

+  1,000 

+  1,000 


Cycles  at 
Level 


20 

X 

106 

10 

X 

106 

10 

X 

106 

10 

X 

106 

2 

X 

106 

.6 

X 

106 

.3 

X 

106 

Total  Cycles 
at  or  above 
Design  Level 


10  x  106 
12  x  106 
12.6  x  106 
12.9  x  106 


The  test  was  terminated  at  this  point  due  to  increasing  tem¬ 
perature  and  inability  of  the  vibrator  drive  system  to  supply 
the  required  power  to  continue  the  test. 


Blade  P-42  (-6) 

Shear  Stress  Cycles  at 

Level  -  PSI  Level 


Total  Cycles 
at  or  above 
Design  Level 


±  1,000 


20  x  106 


20  x  106 


+  1,300 


1  x  106 


21  x  106 


After  1  x  108  cycles  at  1,300  psi  level,  a  rupture  in  the 
fiberglass  appeared  at  the  32.5  inch  radius,  12.25  inches 
from  the  lead  edge  on  the  thrust  face,  see  Figure  129, 


The  results  of  these  tests  would  indicate  a  torsional  endur¬ 
ance  limit  between  +  1,000  and  +  1,300  psi  shear  stress. 
Since  this  was  well  above  the  maximum  anticipated  flight 
value  of  +  300  to  +  500  psi,  it  was  considered  that  an  ad¬ 
equate  margin  had  been  demonstrated. 


(4)  Retention  Testing 


Two  types  of  retention  testing  were  conducted  on  the  X-19 
blade  retentions;  a  static  tect  to  failure  and  the  retention 
fatigue  test. 
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Figure  129.  Fatigue  failure  on  blade  P42-6  after  1.0 
torsional  endurance  testing. 


«-u« 
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(a)  Static  Test 

The  purpose  of  this  test  was  to  demonstrate  the  ultimate 
centrifugal  lead  capacity  of  the  13166A10P3  blade  with¬ 
out  bonding  between  the  steel  shank  and  fiberglass. 

For  this  purpose  a  special  inboard  portion  of  the  blade 
was  fabricated  using  the  standard  steel  shank  and  fiber¬ 
glass  layups  outboard  to  about  the  30"  radius.  Modifi¬ 
cations  were  then  made  to  adapt  the  part  to  the  test 
machine.  In  making  this  piece,  the  steel  shell  was 
carefully  waxed  to  prevent  bonding  of  the  fiberglass  to 
tno  steel.  This  shank  portion  was  placed  in  the  tension 
test  machine,  see  Figure  130,  and  subjected  to  a  pure 
tension  load  simulating  propeller  centrifugal  force. 
Failure  occurred  at  128,000  lbs.  as  compared  with  the 
maximum  operating  blade  CF  of  56,900  lbs.  The  resultant 
failure  is  shown  in  Figure  131. 

(b)  Retention  Fatigue  Tests 

It  waa  the  purpose  of  this  testing  to  establish  the 
fatigue  strength  of  the  blade  retention.  For  this  pur¬ 
pose  the  blade  retention  including  the  blade  nut,  the 
blade  bearing,  blade  shank  and  special  collet,  which 
simulates  the  hub  barrel,  were  installed  in  a  test  rig 
which  was  capable  of  imposing  centrifugal  force  and  both 
steady  and  vibratory  bending  loads  along  with  bearing 
oscillation  to  simulate  pitch  change  on  the  complete 
blade  retention  system,  see  Figure  132.  The  test  blade 
shank  was  a  full  scale  blade  inboard  section  consisting 
of  the  steel  shank  and  fiberglass  lay-up.  The  actual 
blade  profile  and  lay-up  was  maintained  to  the  21"  sta. 
with  modifications  outboard,  21"  -  31.5",  to  adapt  the 
piece  to  the  test  machine  such  that  the  test  loads  were 
applied  to  the  simulated  fiberglass  blades.  Endurance 
testing  was  conducted  monitoring  all  loads  by  means  of 
wire  strain  gages  mounted  on  the  steel  shank  and  test 
rig  components . 

The  two  steel  blade  shanks  were  run  as  follows: 
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Figure  131.  X-19,  propeller  unbonded  blade  shank  failure.  Ultimate  load 

was  128,000  pounds. 


M-iae 
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Lgure  132.  Blade  retention  laboratory  fatigue  test  set-up.  This  facility 
simultaneously  applies  centrifugal  force,  steady  bending 
moment  and  vibratory  bending  moment. 


(aa)  Shank  P-69  (p/n  164206) 


Vibratory  Total  Cycles 


Bending 

Centrifugal 

Steady  Bending 

Cycles  at 

at  or  above 

Load-lb.  in. 

Load-lbs . 

Load-lb.  in. 

Level 

Design  Level 

*  -  66000 

46000 

24000 

10  x  106 

10  x  106 

-  77000 

52800 

27600 

6.4  x  106 

16.4  x  106 

The  test  was  terminated  after  16.4  x  10^  cycles 
when  a  shank  failure  occurred.  The  failure  was  a 
spiral  type  crack  in  the  steel  shank  originating 
at  approximately  the  5.5"  station,  camber  side. 

The  failure  was  analyzed  and  found  to  originate  in 
a  rust  pit,  a  direct  result  of  internal  corrosion. 
This  was  caused  by  the  presence  of  water  which 
leaked  from  the  test  rig  cooling  system  and  the 
lack  of  the  plating  which  was  inadvertently 
omitted  from  the  test  part  but  which  was  speci¬ 
fied  in  the  flight  component.  Because  of  the 
lack  of  protective  plating  on  the  test  piece  and 
the  vulnerability  of  the  part  to  corrosion,  the 
failure  was  not  representative  of  the  flight 
component . 

One  retention  bearing,  P/N  162563  S/N  96,  was  used 
for  the  complete  test  of  16.4  x  10^  stress 
reversal  cycles  and  was  in  perfect  conaition  when 
removed  except  for  two  small  spall  marks  on  one 
inner  race. 


(bb)  Shank  P-171  (P/N  164206) 


Vibratory 
Bending 
Load-lb.  in. 

Centrifugal 
Load-lbs . 

Steady  Bending 
Load -lb.  in. 

Cycles  at 
Level 

Total  Cycles 
at  or  above 
Design  Level 

±  72300 

44500 

21400 

4.9  x 

106 

4.9  x  10& 

±  72300 

69000 

29400 

5.1  x 

106 

10.0  x  106 

+  70000 

81000 

18000 

10.0  x 

106 

20.0  x  106 

+  83200 

51200 

21000 

5.01  x 

106 

25.01  x  106 

+  90500 

86300 

36800 

0.19  x 

106 

25.2  x  106 

+  90500 

55600 

22900 

2.96  x 

106 

28.16  x  106 

+  90500 

55600 

22900 

0.45  x 

106 

28.61  x  10& 

*  Transition  design  loads  corresponding  to  V  =  80  KTS ,  HP  =  927, 
RFM  =  1065,  for  the  12,300  lb.  aircraft  gross  weight. 
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The  test  was  terminated  after  28.61  x  10'  cycles 
when  a  shank  failure  occurred.  The  crack  extended 
approximately  300°  around  the  steel  shank  in  the 
flange  radius.  The  failure  was  fatigue  in  narjre 
with  the  origin  in  the  flange  fillet  radius  at  the 
location  of  maximum  applied  loading.  (Figure  133) . 

A  fatigue  life  analysis  was  made  of  the  above  test  data 
and  the  minimum  demonstrated  fatigue  strength  of  the 
retention  was  shown  to  be  +  91,500  in-lbs.  vibratory 
bending  moment  for  the  12,300  lb.  design  G .W .  steady 
loads  of  transition  flight  which  are  CF  =  44,500  lbs. 
and  M  =  16,060  in-lbs.  An  ample  margin  of  safety  was 
thereoy  shown  to  exist  with  respect  to  the  anticipated 
vibratory  bending  moment  of  +  72,300  in-lbs.  for  the 
12,300  lb.  aircraft. 


(5)  Additional  Full  Scale  Blade  and  Sample  Testing 

Considerable  additional  testing  of  blades  and  blade  material 
were  accomplished  in  the  course  of  the  blade  development 
program  which  was  pertinent  to  the  qualification  of  the 
strength  or  life  of  the  structure.  These  tests  are  simply 
listed  for  completeness:. 


(a) 

Water  spray  (Full  scale) 

(b) 

Sand  and  gravel  abrasion 

(Full  scale  and  samples) 

(c) 

Fungus  (Samples) 

(d) 

Impact,  Bird  and  bullet 

(Full  scale) 

(e) 

Weathering  (Samples) 

(f) 

Lightning  (Full  scale) 
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3.  PROPELLER  DESIGN  LOADING  THEORY  AND  TEST 

a.  General 

With  respect  to  the  airframe,  the  rotating  propeller  generates  six 
basic  load  components.  These  are  shown  in  Figure  134.  These  forces 
and  moments  represent  the  summation  at  the  propeller  shaft  of  the 
aerodynamic  lift  and  drag  components  developed  by  each  of  the 
rotating  blades.  From  the  viewpoint  of  the  air-frame  designer,  it 
is  only  these  resultant  loads  which  are  of  concern  and  these  are 
readily  obtained  by  wind  tunnel  testing  and  generally  presented  in 
coefficient  form  (33).  The  propeller  designer,  however,  also 
required  the  loading  or  ..he  individual  blade,  and  for  this  theoreti¬ 
cal  developments  are  generally  used. 

b.  Theoretical  Propeller  Loading 

The  flow  through  the  disk  of  an  aircraft  propeller  is  generally 
quite  complex.  In  simplest  form,  it  might  be  considered  as  though 
the  propellers  were  operating  at  some  angle  of  attack,  A,  with  re¬ 
spect  to  the  flow  field,  Figure  134.  The  angle  of  attack  results 
from  several  factors,  e.g.,  the  attitude  of  the  aircraft,  geometry 
of  the  aircraft,  wing  circulation,  influence  of  the  fuselage  and 
other  surfaces,  etc. 

For  analysis  purposes,  this  flow  can  be  considered  in  the  t-wo  com¬ 
ponents,  normal  and  parallel  to  the  disk.  It  is  quite  obvious  that 
with  these  velocities,  any  given  blade  section,  as  it  passes  through 
one  revolution,  will  experience  a  uniform  velocity  on  which  is 
superimposed  a  sinusoidal  harmonic  having  a  frequency  equal  to  the 
rotational  speed  or  the  commonly  called  1XP  frequency.  The  aero¬ 
dynamic  forces  will  also  reflect  this  uniform  plus  sinusoidal  varia¬ 
tion.  The  uniform  or  steady  components  produce  the  propeller  thrust 
and  torque.  The  1XP  vibratory  blade  loads  produce  the  shaft  moments 
and  normal  forces. 

The  thrust  and  torque  forces  are  readily  determined.  The  so  called 
strip  analysis  methods  are  well  established  within  the  propeller 
industry,  and  were  developed  from  a  background  of  many  years  of 
propeller  testing.  The  first  order, or  1XP,  blade  loads  are  not  so 
well  defined: 

(1)  First  Order,  or  1XP  Blade  Loading 

For  the  conventional  aircraft,  the  1XP  propeller  blade  loading 
is  accurately  predictable. 

Because  of  the  very  low  propeller  angle-of-attack  (0°  to  20°), 
a  relatively  simple  development  gives  the  1XP  lift  force  at  a 
given  blade  station  as: 
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Figure  134.  Basic  velocity  components  at  the  disk  of  a  tilted  propeller 
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which  for  small  angles  becomes 

^L1XP  “  Ac!  [ab  +  2bCLCot  0qJ  &r  sin  tot  (2) 

where:  A  *  propeller  angles  of  attack 

q  *  free  stream  dynamic  pressures,  lb/ft2 
a  =  slope  of  the  lift  curve 
b  =  section  chord,  ft 
CL  =  operating  lift  coefficient 
0  =  apparent  wind  angle  at  the  given  station 
Ar  =  incremental  radius,  ft 
wt  -  propeller  rotational  angle,  radians 

This  development  is  well  known  and  the  propeller  forces 
obtained  from  this  simple  expression  have  been  substantiated 
by  considerable  flight  testing.  However,  the  above  expression 
ecomes  quite  inaccurate  as  A  becomes  greater  than  20°  anu  s 
therefore  not  applicable  to  the  tilt  nacelle  or  tilt  wit.  * 
propeller  driven  VTOl  airplane. 

Recognizing  this  fact,  a  more  generalized  development  (%; 
undertaken  in  order  to  more  accurately  predict  propeller  V.  Is 

ivl  f,  ahl?’“  anglC  re»ion'  Fro»  this  development  the  basic 
1XP  blade  force  at  a  given  station  was  shown  to  be: 


(AL/Ar)  q/2  |  sin2A^bC^Cot  0(2  -  cos  0)  +  baj 

V  3  1 

+  3/4  ab^  cos  A  sin  0  >  sin  wt 


-  qab  sin  A 


(Cot  0  -  2cr)  cos  <ot 


where,  in  addition  to  terms  previously  defined, 

V0  and  Vlt  are  components  of  induced  velocity,  ft /sec 
W  =  resultant  velocity  at  a  given  section,  ft /sec 
V  =  free  stream  velocity,  ft/sec 
a  =  Propeller  section  angle  of  attack,  radians 
r  ~  radius  to  a  given  station,  ft 
R  *  tip  radius,  ft 
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If  a  propeller 
attack  that,  is 
Figure  189,  it 
IXP  loads  will 


is  considered  to  be  operating  at  an  angle-of- 
in  a  pure  pitch-up  direction,  referring  to 
can  be  shown  that  the  summation  of  the  blade 
produce  the  following  forces  and  moments: 


Force  Component 
Eq  (3) 


Force  Moment 

See  Figure  189 


Sin  w  t 
Cos  t 


N  Y 

S  M 


Equation  (3)  was  generally  used  to  evaluate  blade  loadings  in 
the  X-19  program.  The  major  problem  in  its  application  was 
the  evaluation  of  the  induced  velocities,  and  for  this  pur¬ 
pose  considerable  use  of  helicopter  rotor  data  was  used  (35), 
(36),  (37)  and  (38).  It  became  apparent  quite  early  in  the 
X-19  program  that  the  propeller  forces  generated  by  Equation 
(3)  did  not  agree  satisfactorily  with  data  derived  by  the 
Aerodynamics  Department  from  wind  tunnel  testing.  The  expe¬ 
dient  solution  was  therefore  taken  for  design  purposes.  The 
blade  load  distribution  as  computed  by  Equation  (3)  was 
retained  but  the  load  magnitude  was  modified  as  necessary  to 
agree  with  the  wind  tunnel  derived  data. 

(2)  Higher  Order  Load  Components. 

The  previous  section  has  been  concerned  only  with  the  first 
order  of  IXP  component  of  the  propeller  blade  load  which  is 
a  major  factor.  However,  as  previously  stated  the  actual 
flow  through  the  propeller  disk  is  nonuniform  which  gives 
rise  to  higher  harmonics. 

On  the  conventional  aircraft  these  harmonics  were  of  no 
concern  except  at  those  rotational  speeds  where  they  coin¬ 
cide  with  a  resonant  propeller  frequenty.  In  those  cases  it 
was  only  necessary  to  keep  the  operating  speeds  sufficiently 
removed  from  the  natural  frequencies  of  the  system.  In  the 
VTOL  aircraft  there  may  be  certain  propeller  attitudes  where 
these  higher  harmonics  may  be  significant.  At  termination  of 
the  Curtiss  VTOL  activity  this  was  under  theoretical  study, 
but  no  definite  conclusions  had  been  reached.  Allowance  for 
the  effects  of  these  higher  harmonics  was  generally  made  in 
propeller  analysis  and  was  based  on  past  flight  test  or  pro¬ 
peller  test  history. 

(3)  Continued  Theoretical  Blade  Loading 

In  recognition  of  the  short  comings  of  the  available  theore¬ 
tical  methods  for  predicting  propeller  loads  and  blade  load¬ 
ings,  a  more  detailed  study  of  propeller  load  analysis  was 
undertaken  as  an  R  &  D  effort  by  the  VTOL  Division,  and  this 
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work  was  continuing  at  the  time  of  termination.  In 
principle  the  approach  consisted  basically  of  defining  the 
propeller  flow  field  as  a  mathematical  function  of  radius 
and  rotational  angle. 

Then  with  the  known  airfoil  characteristics  the  force  on  any 
given  blade  element  could  be  determined  as  a  function  of  the 
rotational  angle.  A  Fourier  Analysis  was  then  applied  to 
this  function  to  separate  the  various  harmonic  components. 
Obviously  the  major  problem  was  the  definition  of  the  flow 
field  to  include  the  many  influencing  factors. 

The  induced  velocity  distribution  during  the  high  angle-of- 
attack  operation  of  a  propeller  has  a  large  effect  ^>n  the 
loadings.  Unfortunately,  this  velocity  distribution  is 
known  only  approximately  at  this  time.  It  is  possible,  in 
principle,  to  calculate  this  distribution,  as  has  been  done 
for  flapping  rotor  helicopters,  (39).  Such  a  calculation 
has  not  been  carried  out  as  yet  for  a  rigid  propeller. 
Another  possible  source  for  such  data  is  a  rather  elaborate 
experimentation,  to  give  the  velocity  close  to  the  propel¬ 
ler  at  a  large  number  of  points.  This  experimental  data 
could  then  be  converted  to  a  double  Fourier  series. 

The  present  source  of  the  inflow  velocity  distribution  is  a 
combination  of  theoretical  and  test  data.  The  method  that 
has  been  used  previously  to  estimate  the  inflow  velocity 
distribution  for  an  isolated  propeller  is  given  below: 

Simple  momentum  considerations  give: 

V1  "  Vl/2  "  /v,2/4  +  T/2pirR2  (*) 

nom  1 

where  is  the  forward  velocity  component  of  the  propeller 
parallel  to  the  shaft,  T  is  thrust,  R  is  the  propeller 
radius,  end  P  is  the  air  density.  The  radial  distribution 
of  V\  has  been  based  on  some  static  test  data  taken  on  the 
X-1Q0  propeller,  which  has  been  subject  to  a  Fourier 
analys?  s . 

It  has  been  found,  however,  that  the  interference  of  a 
nearby  wing,  fuselage,  or  other  propeller  can  have  major 
effects  on  the  propeller  loading.  The  rear  propellers  of 
the  X-19  aircraft  are  subject  to  this  effect,  as  demon¬ 
strated  by  wind  tunnel  model  testing.  No  simple  method  of 
estimating  the  interference  velocities  exists  at  present, 
however,  there  is  no  basic  obstacle  to  a  reasonable  estimate 
which  can  be  had  by  superimposing  certain  known  classical 
solutions  for  flow  about  simple  bodies.  A  discussion  of 
this  is  given  in  section  III  where  fuselage  flow  effects 
upon  the  rear  wing  are  defined. 
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The  program  therefore  was  developed  in  terms  of  symmetrical 
flow  about  an  aircraft  configuration  with  two  horizontal 
lifting  surfaces  and  two  nacelles  per  side,  with  a  central 
fuselage.  The  positions  of  the  above  components  are  other¬ 
wise  arbitrary.  Provision  was  made  for  variable  nacelle 
angle  in  pitch  with  respect  to  the  wing  and  variable 
aircraft  angle-of-attack  with  respect  to  the  remote 
velocity.  The  wings  were  simulated  by  a  large  number  of  the 
usual  bound  and  trailing  vortex  segments.  The  strengths  of 
these  segments  were  in  accordance  with  a  given  spanwise  lift 
distribution  and  an  assumed  chordwise  distribution.  The 
fuselage  and  nacelles  were  simulated  by  a  combination  of 
sources  and  doublets  on  their  centerlines.  The  strengths  of 
the  sources  and  doublets  were  defined  in  terms  of  simplified 
boundary  conditions  for  the  isolated  bodies,  with  provision 
made  for  variations  in  wing  upwash  or  downwash  along  their 
lengths.-  The  velocity  distributions  for  all  vortices, 
sources,  and  doublets  were  superimposed  without  attempting 
to  satisfy  flow  boundary  conditions  strictly  for  the  whole 
configuration. 

The  accuracy  of  the  total  distribution  found  in  this  way  was 
expect.  to  be  acceptable.  The  velocity  components  in 
three  dimensions  are  calculated  at  a  large  number  of  points 
in  each  propeller,  with  special  provision  made  for  points 
close  to  a  trailing  vortex  sheet.  Certain  refinements  were 
contemplated.  The  most  important  of  these  would  be  pro¬ 
peller  blade  trailing  and  shed  vortex  sheets,  with  trajec¬ 
tories  given  by  the  velocity  distribution  of  the  present 
program,  superimposed  on  the  remote  velocity  and  estimated 
propeller  induced  velocity.  Another  provision  could  be 
variable  chordwise  lift  distribution,  given  by  the  local 
angle  of  attack.  Finally,  the  resulting  velocity  distribu¬ 
tion  could  be  used  to  compute  new  values  of  local  angles  of 
attack  and  vortex  sheet  trajectories.  This  information 
could  be  used  in  a  new  cycle  of  computations  with  the 
expectation  that  the  results  would  be  of  greater  accuracy. 

c.  Propeller  Test  Loads 

As  stated  in  the  previous  section,  the  design  propeller  loads 
were  established  on  the  basis  of  wind  tunnex  testing. 

In  the  case  of  the  blades,  theoretical  distribution  of  loading 
were  used  but  modified  in  magnitude  to  agree  with  the  test  data. 
It  was  tne  intent  that  during  the  X-19  flight  test  program,  suf¬ 
ficient  propeller  instrumentation  would  be  installed  to  permit  a 
correlation  between  design  loads  and  flight  loads. 
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(1) 


Wind  tunnel  tests 


The  basic  propeller  loads  used  for  design  were  determined 
from  wind  tunnel  testing  of  free-propellers ,  models,  and  the 
X-100  aircraft.  This  testing  is  fully  discussed  in  Section 
IX.  In  the  course  of  the  blade  loading  development,  cor¬ 
relation  was  made  between  theoretical  and  test  data. 

Typical  comparisons  are  shown  in  Figures  135  aud  136. 

(2)  Flight  Test 

The  limited  preliminary  flight  testing  of  the  X-19  did  not 
provide  the  opportunity  to  verify  the  accuracy  of  the  1XP 
propeller  design  loads.  However,  calculations  were  made 
for  an  equilibrium  transition  flight  and  it  was  possible  to 
compare  the  calculated  blade  stresses  measured  during 
flight.  A  typical  comparison  is  given  in  Figure  137.  The 
correlation  is  considered  good  and  this  very  limited  data 
would  imply  that  the  1XP  propeller  loads  as  used  were 
realistic  for  the  airplane. 
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Figure  135.  Comparison  of  the  propeller  yawing  and  pitching  moment 

coefficients  at  flow  angularities  close  to  90°,  and  at  low 

advance  ratios,  =  15°. 
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Figure  136. 


Comparison  of  propeller  normal  and  side  force  coefficients  at 
flow  angularities  close  to  90°  at  low  advance  ratios, 
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4.  WEIGHT  COMPARISON  OF  '  19  FIBERGLASS  PROPELLER 

Early  in  the  concept  studies  of  VTOL  aircraft,  it  was  recognized  that 
the  propulsion  system  would  be  ?  significant  portion  of  the  total 
aircraft  weight  and  a  considerable  effort  went  into  weight  reduction 
studies  of  this  system.  Accordingly,  the  propeller  blade  received 
early  design  emphasis  since  a  reduction  in  blade  weight  would  be 
multiplied  by  12,  the  total  number  of  blades,  and  would  reflect  to 
some  extent  a  comparable  saving  in  the  weight  of  hub  and  other  com¬ 
ponents.  A  summary  of  this  work  is  as  follows: 

a.  Blade  Weight  Studies 

General  studies  were  made  in  the  selection  of  a  lightweight  pro¬ 
peller  blade  design  considering  both  fiberglass  and  the  light¬ 
weight  metals  (40)  .  The  results  of  these  studies  showed  a 
definite  advantage  in  favor  of  the  fiberglass  design  and  these 
studies  considered  both  VT0L/ST0L  and  conventional  turbo-prop 
installations.  Typical  results  of  these  studies  are  shown  in 
Figures  138  and  139  which  show  a  blade  weight  comparison  of 
several  types  of  blade  construction  for  a  specific  airplane 
installation.  In  these  charts,  reference  is  made  to  the  composite 
blade . 

This  type  of  design  consisted  of  a  metal  structural  center  spar 
which  was  generally  elliptical  in  cross  section  and  was  formed  as 
closely  as  possible  to  the  required  airfoil  shape.  The  airfoil 
section  was  then  completed  by  bonding  a  preformed  leading  and 
trailing  edge  strip  to  the  spar.  Abrasion  resistance  was  provided 
by  a  thin  stainless  steel  sheath. 

It  is  well  known  that  the  major  factor  in  the  structural  design  of 
a  propeller  is  the  1XP  vibratory  blade  load.  Referring  to  Equa¬ 
tion  (2),  page  226,  it  is  seen  that  this  loading  is  proportional 
to  the  Aq  factor.  A  review  of  several  operational  propellers  hav¬ 
ing  hollow  steel  blades,  resulted  in  an  average  weight  vs.  Aq 
curve  as  shown  in  Figure  140.  For  a  more  generalized  fiberglass 
weight  comparison,  typical  turbo-prop  installations  were  selected 
and  an  equivalent  fiberglass  blade  was  designed.  The  weight  ad¬ 
vantage  in  fiberglass  is  clearly  shown  in  Figure  140.  The  final 
weight  of  the  13166A12P3  blade  is  70.6  lbs.  No  direct  comparison 
has  been  made  between  the  X-19  blade  and  comparable  blades  in 
other  materials.  It  is  estimated,  however,  that  an  aerodynami- 
cally  equivalent  hollow  steel  version  would  have  a  weight  of  ap¬ 
proximately  132  lbs. 

b.  Hub  Weight  Studies 

The  propeller  hub  design  is  governed  by  the  blade  loads;  and,  a 
reduced  weight  blade  therefore  offers  hub  weight  advantages. 
However,  this  contribution  was  not  a  major  one  in  the  conventional 
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Figure  138.  Relative  blade  weight  comparison  considering  various  materials 
for  the  design  of  a  hypothetical  VTOL/'STOI  propeller;  15* -9” 
diameter,  120  AF,  1000  hp  at  1146  rpm. 
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Figure  140.  Variation  of  blade  weight  with  1  x  P  excitation  factor,  Aq 
for  hollow  steel  and  fiberglass  blades  on  a  typical  turbo¬ 
prop  installation;  13 * -6"  diameter,  165  AF,  4500  hp  at  120< 


hub  design  and  Che  desirability  of  a  more  efficient  hub  structure 
was  recognized.  For  this  reason  considerable  design  effort  went 
into  the  redesign  of  the  hub  assembly  for  the  X-100  aircraft.  As 
finally  evolved  for  the  X-19  aircraft,  the  162595  hub  is,  in 
general,  a  scaled-up  version  of  the  138034  hub  used  for  the  X-100 
vehicle.  Although  there  is  an  external  resemblance  to  the  con¬ 
ventional  Curtiss  Electric  Propeller  hub,  the  internal  differences 
are  many,  including  the  absence  of  an  integral  inner  structure. 

The  conventional  nut-and-cone  shaft  mounting  was  replaced  by  a 
large,  2-row  nose-mount  bearing  on  the  rear  extension.  The  self- 
contained  pitch-change  mechanism  consisted  of  a  hydraulic  piston 
operating  inside  the  rear  extension  and  connected  by  linkages  to 
cranks  on  the  blade  butts.  The  torque  drive  was  through  short 
internal  splines  at  the  extreme  aft  end  of  the  rear  extension. 

The  design  differences  resulted  in  an  unusual  geometry  which 
combines,  in  one  hub,  a  shank  size  less  than  )C2  (115  mm)  with  a 
rear  extension  larger  than  that  for  a  standard  S.A.E.  #60  splined 
shaft . 

The  resulting  total  propeller,  .-ess  blades  weight,  for  the  X-19 
was  161.2  lbs.-  Again  there  is  no  direct  comparison  with  a  con¬ 
ventional  propeller  hub  assembly  designed  for  the  X-19  instal¬ 
lation.  However,  a  similar  sized  Curtiss  Electric  Propeller  would 
have  a  propeller  (less  blades)  weight  of  approximately  200  lbs. 

5.  PROPELLER  STRUCTURAL  PROBLEMS 

Through  the  development  and  testing  of  the  X-19,  a  number  of 
structural  problems  were  encountered  in  the  propeller  system.  These 
problems  varied  in  importance  and  are  described  as  follows: 

a.:  Blades 

There  were  two  basic  problems  with  the  propeller  blades;  one  was 
associated  with  the  foam  filler  and  the  second  was  with  the  steel 
shank. 

(1)  Foam  Filler 

In  the  course  of  operating  the  No..  1  X-19  for  a  total  of  114 
hours,  foam  separations  were  encountered  in  five  blades. 

Three  of  the  separations  were  repaired  and  the  blades  were 
returned  to  aircraft  testing  and  separations  occurred  a 
second  time,  thus  accounting  for  eight  cases  of  separation.; 
Upon  subsequent  X-ray  inspection,  it  was  found  that  four  of 
these  five  blades  also  showed  cracks  in  the  foam.  On  31 
January  1965,  during  a  maintenance  ground  run,  a  sixth  blade 
experienced  foam  shifting  and  resultant  tip  bulging  as  a 
result  of  foam  bond  failure  or  foam  separation.;  Detailed 
inspection  of  these  six  blades  disclosed  a  consistent  pattern 
of  sound  foam  and  fiberglass  but  poor  bonding  between  the  two 
elements . 
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A  review  of  the  foam  bonding  technique  employed  in  these 
blades,  in  the  light  of  the  current  state-of-the-art,  dis¬ 
closed  several  factors  which  could  potentially  contribute  to 
the  lack  of  bond  including:, 

(a)  The  use  of  a  cleaner  containing  tretuylene  chloride  to 
clean  the  fiberglass  blade  shell  prior  to  foaming  may 
result  in  deterioration  of  the  foam  bond. 

(b)  The  use  of  an  epoxy  primer  (Rexton)  may  result  in  lower 
bond  strengths  than  obtainable  with  a  urethane  primer. 

(c)  Storage  of  the  "T"  component  of  the  Nopco  H-106  foam  at 
temperatures  below  60°?  before  use  in  the  blades  may 
have  caused  separation  of  its  TDI  constituent. 

(d)  Temperature  and  humidity  control  was  not  optimized 
during  the  priming  and  foaming  operations. 

An  extensive  investigation  was  initiated  to  review  and/or 
modify  the  Curtiss  Process  Specifications  CPS  6266  (Molded 
Fiberglass  Reinforced  Plastic  Blades)  and  CPS  5065  (Foam 
Plastic -Rigid-Freon-Blown,  Low  Density).  This  analysis  and 
specimen  testing  was  performed  at  the  Curtiss  Division  and 
Redel,  Inc.  California. 

This  investigation  program  was  extensive  and  involved  studies 
of  surface  preparation,  types  of  foam,  chemistry  variations, 
curing  cycles,  and  evaluation  of  the  foam  material 
properties.  A  total  of  27  full  scale  blades  were  built  and 
fatigue  tested  using  the  more  promising  developments.  Based 
upon  these  tests  the  fcam  system  developed  was  a  considerable 
improvement  and  the  13166A12  blades  which  incorporated  this 
new  foam  were  considered  structurally  satisfactory  for  the 
flight  test  program. 

However,  the  foam  problem  was  not  considered  completely 
solved  to  satisfy  high  service  life,  and  this  still  remains 
an  area  which  needs  further  development  in  the  light-weight 
blade  program. 

b.  Blade  Shank 

As  previously  mentioned  the  X-19  shanks  were  made  of  AMS  6415 
steel  heat  treated  to  RC  42-46.  This  is  bordering  on  the  brittle 
range.  Although  the  metallurgy  department  had  set  up  special 
procedures  (double  bake  immediately  after  plating)  for  processing 
these  shanks,  certain  problems  developed  in  the  initial  develop¬ 
ment  . 
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(1)  Longitudinal  Cracks  in  Outboard  End  of  Shank 

There  were  three  instances  cf  cracking  in  the  outboard  end  of 
the  shank  (Fig.  U8)  prior  to  blade  fabrication,  and  there¬ 
fore  before  an’  application  of  operational  or  test  loads. 

In  addition,  a  similar  crack  found  during  examination  of  a 
blade  which  failed  on  a  fixed-root  test  could  not  definitely 
be  attributed  to  fatigue  and  may  have  originated  as  a  static 
crack. 

It  was  theorized  that  cracking  of  this  type,  during  or  soon 
after  manufacture,  may  have  been  associated  with  residual 
stress  from  the  forming  process,  and/or  with  hydrogen 
embrittlement  of  the  steel.  In  either  case,  a  time  factor 
appeared  to  have  been  operating,  which  may  have  resulted  in 
deferred  failures. 

(a)  At  Shank  Fabrication 

Two  completed  shanks,  which  had  been  approved  after 
magnaflux,  were  found  at  final  inspection  to  be  cracked. 
The  normal  time  interval  between  magnaflux  and  final 
inspection  was  reportedly  less  than  two  weeks;  that 
between  plating  and  baking  was  variable,  a  critical 
factor  where  hydrogen  embrittlement  is  involved. 

(b)  At  Blade  Fabrication 

Blade  P-120  had  unsatisfactory  fiberglass  during  initial 
blade  fabrication.  The  fiberglass  was  therefore 
stripped,  at  which  time  examination  disclosed  similar 
cracks  in  the  shank  outboard  end. 

(c)  During  Test 

Blade  P-68(-2)  failed  after  42  x  10^  cycles  of  fixed- 
root  testing.  Examination  of  the  blade  after  failure 
showed  branching  cracks  at  the  shank  outboard  end.  As 
previously  mentioned;  these  may  well  have  originated  as 
static  failures.  As  a  result  of  these  failures,  the 
Metallurgy  and  Blade  Design  Departments  set-up  rigid 
processing  controls.  Further  incidences  were  not  found 
and  this  problem  appeared  to  have  been  solved. 

(2)  Fatigue  Failures  in  Inboard  Portion  of  Shank 

Two  retention  tests  of  the  X-19  type  shank  failed  at  low 
total  cycles  by  reason  of  fatigue  failures  originating  at 
areas  of  internal  shank  corrosion.  As  a  result  of  the  first 
failure,  precautions  were  taken  to  prevent  rust  formation 
during  testing  of  the  second  shank.  Inasmuch  as  failure  of 
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the  second  shank  was  subsequently  attributed  to  a  corrosion 
origin,  it  was  concluded  that  the  blade  shank  was  insuffi¬ 
ciently  cleaned  prior  to  application  of  the  protective 
coatings.  These  fatigue  failures  indicated  the  possibility 
of  a  high  notch  sensitivity  such  as  would  be  expected  with  a 
material  of  low  ductility. 

Following  discussions  among  Metallurgy,  Blade  Design,  and 
Structures,  i.he  internal  surface  all  steel  shanks  were  care¬ 
fully  cleared,  the  bore  was  shot-peened  and  a  suitable  pro¬ 
tective  coating  was  applied.  No  further  incidences  of  shank 
corrosion  were  found. 


c .  Hubs 

There  were  no  structural  deficiencies  of  the  propeller  hub  itself. 
However,  in  the  hub  assembly,  it  was  found  that  under  load  there 
was  a  harmonic  drive  type  of  action  which  tended  to  rotate  the 
inner  race  of  the  nose  mount  bearing  with  respect  to  the  hub. 

This  tendency  to  turn  would  also  tend  to  tighten  the  bearing 
preload  nut,  P/N  169564.  In  the  original  design,  the  lug  which 
was  provided  to  lock  the  bearing  preload  nut  was  inadequate  to 
restrain  this  motion.  Lug  failures  were  experienced  after  rela¬ 
tively  short  periods  of  operation  which  in  turn  permitted  the  nut 
to  tighten.  This  action  resulted  in  failure  of  the  hub  rear 
extension  in  one  of  the  early  endurance  test  runs.  A  spline  type 
lock  was  designed  which  proved  adequate.  It  was  noted,  however, 
in  subsequent  testing  under  high  vibratory  load  that  considerable 
galling  and  wear  was  produced  between  the  nose  mount  bearing  race 
and  the  hub  shoulder  and  between  the  bearing  race  and  the  nut 
face . 

Since  galling  is  a  potential  origin  for  fatigue  failure,  redesign 
of  the  hub  rear  extension  was  recommended,  and  preliminary  studies 
of  this  problem  had  been  initiated  at  the  time  of  termination  of 
the  project. 

d.  Blade  Pitch  Control 

Early  in  the  functional  testing  of  the  propeller,  it  became 
apparent  that  the  blade  link,  P/N  168267,  which  transmits  the 
pitch  change  force  from  the  hydraulic  piston  to  the  blade  butt, 
was  marginal  with  respect  to  the  anticipated  loads.  This  was 
corrected  by  a  simple  strengthening  of  the  part. 

During  airplane  ground  testing,  it  was  found  that  the  propeller 
control  push-rods  inside  the  wing  were  being  subjected  to  a 
significant  vibration.  This  caused  a  fatigue  type  failure  of 
some  of  the  rod  ends  and  certain  cast  aluminum  hangers. 

In  order  to  determine  the  magnitude  of  the  vibratory  forces, 
strain  gages  were  installed  in  the  system.  On  the  basis  of  the 
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measured  data,  the  rod  end  size  was  increased  and  redesigned 
hangers  were  machined  /rom  aluminum  bar  stock. 

After  considerable  development  testing  on  the  half  system  rig,  a 
failure  waa  found  in  one  of  the  pitch  change  pistons.  Examination 
indicated  that  this  was  a  fatigue  type  failure;  however,  the  cause 
of  this  failure  was  never  satisfactorily  explained.  As  a 
precaution,  the  part  was  redesigned  to  provide  a  heavier  section 
and  more  generous  fillet  radii. 

e.  Propeller  Housing 

This  housing,  P/N  166464,  provided  the  support  or  mounting  of  the 
propeller  to  the  nacelle  gear  box  housing  which  was  attached  to 
the  wing  structure  through  the  trunnion  of  the  tilt  mechanism.  It 
consisted  of  a  cast  magnesium  shell  (AMS  4434  commonly  designated 
AZ92A-T6)  reinforced  for  stiffness  by  internal  longitudinal  ribs. 
The  forward  portion  was  a  conical  section  which  faired  into  a 
cylindrical  shell  about  9  inches  aft  of  the  propeller.  This 
structure  was  not  adequate  to  transmit  the  encountered  magnitude 
of  2xP  vibratory  propeller  loads  for  the  period  of  aircraft  flight 
testing  and  the  failure  of  this  housing  in  flight  resulted  in  the 
loss  of  the  No.  1  X-19  aircraft. 

The  investigation  which  followed  the  crash  of  the  aircraft 
revealed  that  the  failure  was  the  result  of  a  combination  of 
factors . 

(1)  The  vibratory  lord  level  reacted  on  the  nacelle  housings 
during  later  airplane  operation  was  considerably  higher  than 
had  been  anticipated  in  the  establishment  of  the  original 
design  criteria.  More  specifically,  the  strain  gage  data 
that  was  evaluated  from  flights  Nos.  32  to  50,  most  of  which 
were  accomplished  at  NAFEC,  indicated  that  the  2xP  component 
(vibratory  on  the  nacelle)  during  conversion  (tilt  trans¬ 
lation)  flying  was  of  the  same  magnitude  as  the  lx?  component 
which  is  a  steady  load  on  the  nacelle. 

(2)  Just  prior  to  ultimate  failure,  an  emergency  maneuver  was 
executed  which  produced  steady  loads  significantly  higher 
than  design  values. 

(3)  A  strain  gage  survey  showed  that  the  actual  stress  gradient 
in  the  rib/transition  area  was  twice  the  value  used  in  the 
theoretical  analysis  based  on  a  limited  Stresscoat  survey. 
Also,  sand  pits  in  the  rib  tips  added  to  the  stress  concen¬ 
tration  and  the  intolerance  of  the  area  to  fatigue  loading. 

As  a  result  of  the  above  described  investigation,  the  housing  was 
completely  redesigned,  P/N  174988.  At  the  termination  of  the 
contract,  this  housing  had  been  completely  static  tested.  Plans 
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for  fatigue  testing  the  entire  nacelle  assembly  under  simulated 
propeller  steady  and  vibratory  loading  were  being  made.  A 
laboratory  test  facility  was  designed  to  accommodate  the  entire 
nacelle  gear  box  and  attaching  propeller  housin,_,  with  all  sub¬ 
systems  intact  with  the  exception  of  the  blades  and  tilt 
mechanism.. 

6.  PROPELLER  INDUCED  LOADS 

The  loads  on  the  airframe  induced  by  the  propeller,  can  be  of  both  a 
steady  and  vibratory  nature.  The  six  basic  steady  load  components 
consisting  of  thrust,  torque  moments  and  normal  forces  have  been 
discussed  under  Sub-part  3  of  this  Section.  It  is  the  purpose  of  this 
part  to  briefly  discuss  the  other  theoretical  loads  and  also  to 
present  those  airframe  loadings  which  were  observed  during  testing  of 
the  X-19  airplane. 

a.  Theoretical  Loads 

As  previously  noted  in  Section  V,  3.,  the  flow  through  the  pro¬ 
peller  may  be  considered  as  being  made  up  of  a  uniform  flow  upon 
which  are  superimposed  many  harmonic  components  1XP,  2XP,  3XP  etc. 
Each  of  these  velocity  components  will  generate  a  corresponding 
load  component,  and  it  is  the  simulation  of  the  blade  load 
harmonics  at  the  propeller  centerline  that  is  reflected  on  the 
airframe.  The  nature  of  the  reaction  on  the  aircraft  depends  upon 
the  number  of  blades,  and  the  order  of  vibrations. 

By  a  relatively  simple  mathematical  procedure  it  can  be  shown  that 
the  shaft  thrust  and  moment  due  to  a  blade  harmonic  force  are: 

T  =  Cos  (nwt),  n  =  mB 

T  =  0,  n  ^  mB 

M  =  M^f  {Cos  ^n+  1,U>t  ) 

-  1)  «t  j 

where:  - 

T  =  total  shaft  thrust  due  to  a  given  harmonic  blade  force, 
lb. 

M  *  total  shaft  moment  due  to  a  given  harmonic  blade  force, 
in. -lb. 

F  =  Maximum  value  of  the  blade  harmonic  thrust  force,  lb. 
n 

M  =  Maximum  value  of  the  blade  moment  at  the  shaft  centerline 
due  to  the  harmonic  force,  in. -lb. 


M 


Cos  (n 


n  +  1 

,  — 5 —  =  integer 

n  -  1 

»  — - —  =  integer 
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B 

m 

number  of  blades 

n 

a 

order  of  vibration 

m 

m 

integer 

t 

m 

time,  sec. 

u 

m 

blade  rotational  frequency,  rad. /sec 

nw 

a 

harmonic  frequency,  rad. /sec. 

Considering  these  equations  with  respect  to  a  3-way  propeller, 
such  as  was  used  on  the  X-19  airplane,  the  following  shaft 
reactions  are  obtained: 

(1)  A  1XP  blade  harmonic  is  thrust  reactionless  but  produces  a 
steady  shaft  moment. 

(2)  A  2XP  blade  excitation  is  thrust  reactionless  but  produces  a 
vibratory  shaft  moment  having  a  frequency  of  3XP. 

(3)  The  3XP  blade  harmonic,  will  produce  a  3XP  thrust  component 
and  will  be  moment  reactionless. 

(4)  The  4XP  blade  load  will  be  thrust  reactionless,  but  it  will 
produce  a  vibratory  shaft  moment  at  3XP  frequency. 

The  1XP  load  component  has  been  more  fully  discussed  in  Sub-part  3 
of  this  section.  The  forcing  function  of  the  higher  harmonics, 
2XP,  3XP  etc.,  cannot  by  the  present  state-of-the-art  be  calcu¬ 
lated  with  any  reliable  degree  of  accuracy.  Flight  test  was 
generally  relied  upon  to  evaluate  the  severity  of  these  components 
and  to  establish  rpm  restrictions.  Generally  these  excitations 
have  been  sufficiently  low  that  they  were  of  little  concern  in 
conventional  aircraft  except  at  resonant  speeds.  Care  was 
therefore  exercised  in  the  propeller  design  to  be  certain  that 
the  propeller  natural  frequencies  did  not  coincide  with  the  higher 
harmonic  frequencies  at  operating  speeds. 

There  is  evidence  in  theoretical  work  and  the  limited  flight  test 
data  which  indicated  that  both  the  2XP  and  3XP  blade  harmonics 
may  become  significant  in  certain  portions  of  the  transition 
flight  on  the  VTOL-type  aircraft.  It  must  be  noted  that  any  pro¬ 
peller  blade  harmonic  which  produces  a  shaft  reaction  dynamically 
couples  the  propeller  to  the  airframe.  The  propeller  and  pro¬ 
peller  forces  must  be  considered  in  any  airframe  dynamic  study. 
These  are  controlling  loading  criteria  in  the  design  of  the  pro¬ 
peller,  nacelle  housings,  tilt  mechanism  and  possibly  the  wing 
structure  in  a  V/STOL  aircraft. 

b.  Airframe  Test  Results 

In  the  limited  testing  of  the  X-19  aircraft,  certain  vibrations 
were  obtained  in  che  aircraft  which  were  attributed  to  the  pro¬ 
peller.  These  occurred  both  on  the  grourd  and  in  flight. 
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(1)  Ground  test 


The  initial  ground  testing  of  the  X-19  aircraft  was  conducted 
on  a  tie  down  rig.  Essentially,  this  consisted  of  restrain¬ 
ing  the  aircraft  against  vertical  motion  by  rigid  supports  or 
columns  at  each  of  the  four  wing  tips.  Fore-aft  motion  was 
prevented  by  stops  at  the  main  landing  gear.  Running  on  this 
rig  produced  a  strong  vibration  throughout  the  airframe  at 
1XP  frequency  and  3XP  frequency.  The  1XP  component  was 
found  to  be  due  to  propeller  unbalance,  and  was  eliminated  by 
a  careful  matching  of  both  the  horizontal  and  vertical 
balance  between  blades.  Previously,  only  horizontal  balance 
had  been  carefully  controlled.  The  3XP  component  was  found 
to  vary  with  nacelle  attitude,  being  more  severe  in  the  hover 
position  and  decreasing  in  severity  as  the  nacelle  tilted 
down  to  the  cruise  position.  This  vibration  was  believed  to 
be  due  to  blade  passage  over  the  wing.  It  was  also  found 
that  this  vibration  was  sensitive  to  the  manner  of  aircraft 
support,  with  the  aircraft  on  the  tie  down  rig,  where  the 
main  support  was  at  the  wing  tips,  the  response  was  quite 
strong.  With  the  aircraft  supported  on  the  ground  through, 
the  landing  gears  in  a  normal  manner,  the  3XP  vibration  was 
considerably  less,  and  once  the  aircraft  became  airborne  this 
response  was  significantly  reduced.  In  other  words,  the 
natural  modes  of  the  airframe  structure  changed  as  the  manner 
of  support  was  changed  and  the  response  to  the  3XP  blade 
pa««4ge  excitation  reflected  this  change  in  the  natural 
modes ■ 

(2)  Flight  Test 

Propeller  blade  strain  data  recorded  during  flight  testing  of 
No.  1  X-19  showed  an  unexpectedly  high  percentage  of  2XP 
stress,  which  was  reflected  as  3XP  on  the  nacelle  and  its 
supporting  structure.  When  blade  vibratory  stress  was 
plotted  with  respect  to  rpm,  a  magnification  similar  to  a 
resonant  condition  was  observed,  see  Figure  141. 

In  an  attempt  to  substantiate  the  apparent  resonant  trend,  a 
stress-rpm  survey  was  made  in  conjunction  with  the  green 
running  on  the  second  X-i9  aircraft.  A  good  harmonic 
analysis  of  the  records  had  been  made,  and  the  analysis 
showed  that  for  the  conditions  of  the  test  there  was  a 
noticeable  2XP  stress  amplification  between  950  and  1150  rpm. 

The  data,  however,  did  not  show  a  well  defined  resonant 
speed.  This  is  shown  in  Figure  142.  Further,  a  qualitative 
analysis  of  this  test  data  Indicated  that  the  stresses  on  the 
nacelle  and  trunnion  were  being  significantly  Influenced  by 
a  3XP  thrust  component.  A  review  was  then  made  of  the 
13166A12P3  blade  frequency  calculations.  Although  correct 
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for  the  input  used,  it  was  found  that  the  blade  mass  distri¬ 
bution  calculated  from  the  preliminary  properties  was  187, 
lower  than  the  "as  manufactured"  blade  weight.  This  would 
reduce  the  calculated  frequency  from  1480  to  1350  rpm.  On 
this  basis,  a  lower  installed  propeller  resonance  would  be 
expected  since  the  2XP  excitation  on  a  3-way  propeller  is  not 
moment  reactionless  on  the  shaft  which  would  produce  a 
coupling  with  a  nacelle  structure.  However,  this  would 
normally  not  be  expected  to  reduce  the  resonant  rpm  to  the 
1150  shown  in  Figure  142. 

These  factors  tended  to  veaken  the  resonance  theory  and 
promote  the  possibility  of  a  stronger  than  anticipated  2XP 
aerodynamic  excitation  during  the  transition  flight.  An 
elementary  analysis  had  shown  that  the  2XP  excitation  would 
be  a  function  of: 

(V  Sin  A  )2  Sin  $ 

where  V  =  aircraft  forward  velocity 

A  =  the  propeller  angle  of  attack 

&  -  propeller  blade  angle  setting. 

In  order  to  determine  the  degree  of  correlation,  the  velocity, 
blade  angle  and  tilt  angle  were  obtained  from  the  flight 
records  for  further  analysis.  The  tilt  angle  was  used  as  a 
first  approximation  of  propeller  angle  of  attack  and  the 
above  expression  was  evaluated  for  several  flight  conditions. 
The  corresponding  2XP  vibratory  stress  as  measured  on  the 
blade  was  then  plotted  against  this  parameter.  This  plot  and 
an  apparent  correlation  is  shown  in  Figure  143.  At  the  time 
of  termination,  this  problem  of  2XP  blade  resonance  or  high 
2XP  propeller  aerodynamic  loading  had  not  been  completely 
resolved. 

The  reasons  for  the  high  loadings  encountered  on  the  nacelle 
of  the  X-19  during  conversion  that  led  to  its  failure  must 
be  found  so  that  proper  design  loads  can  be  determined,  as 
these  loads  could  have  a  major  influence  on  the  nacelle 
structure  of  any  new  tilt  rotor  or  tilt  wing  airplane.  There 
are  many  reasons  for  the  high  loads,  for  instance  they  could 
have  been  developed  as  a  result  of  flow  conditions  from  the 
front  wing,  influencing  high  loading  on  the  aft  propeller,  or 
by  the  start  of  nacelle  whirl,  or  could  be  just  a  function  of 
an  airframe  resonance  condition.  The  question  can  be  an¬ 
swered  by  testing  an  isolated  X-19  propeller  at  the  same  con¬ 
ditions  encountered  prior  to  the  loss  of  the  propeller  to 
find  if  excessive  2  x  P  stresses  are  induced  on  the  blade. 

If  not,  the  high  stress  levels  were  induced  by  conditions 
peculiar  to  the  X-19  in  which  case  the  question  is  adequately 
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answered.  Otherwise,  if  the  high  stresses  were  generated 
by  isolated  propeller,  further  theoretical  and  experimen¬ 
tal  work  will  be  required  to  develop  the  necessary  solu¬ 
tion. 

PROPELLER  TESTING 

Except  for  the  developmert  testing  of  the  fiberglass  blades  which  is 
presented  in  Section  V,  2.,  this  section  covers  the  details  of  the 
testing  accomplished  to  qualify  the  X-19  propeller  for  flight. 

a.  Propeller  Hut  Static  Test 

The  162595  hub  employed  in  the  propeller  of  the  X-19  aircraft,  al¬ 
though  utilizing  well-proven  design  principles,  differs  in  numer¬ 
ous  ways  from  chose  heretofore  built  by  tnis  company.  The  abrence 
of  an  integral  inner  structure,  the  replacement  of  n  conventional 
nui-snd-cone  shaft  mounting  by  a  large,  2-row  nose-mount  bearing 
on  the  rear  extension,  the  self-contained  pitch-change  mechanism 
consisting  of  a  hydraulic  piston  operating  inside  the  rear  exten¬ 
sion  and  connected  by  linkages  to  cranks  on  the  blade  butts,  and 
the  torque  drive  through  short  internal  splines  at  the  extreme 
aft  end  of  the  rear  exteueicn  are  all  design  differences  which 
differentiate  this  propeller  from  its  predecessors. 

(1)  Design  Leads 

Propeller  components  are  commonly  stress-analyzed  for  the 
maximum  propeller  loads  predicted  for  service  operation,  on 
the  assumption  that  during  the  life  of  the  airplane  the  ac¬ 
cumulated  stress  cycles  at  the  higher  loads  will  be  suffi¬ 
cient  to  constitute  an  endurance  condition.  Because  of  the 
complex  flight  maneuvers  possible  with  this  vehicle,  normal 
operating  loads  cover  a  wide  range  of  centrifugal  force  as 
'  well  as  symmetrical  and  unsymmetrical  bending  moments.  Loads 

given  in  Table  IX  for  the  transition  plus  gust,  maneuver 
transition,  and  high  speed  conditions  were  selected  as  repre¬ 
senting  the  heaviest  loading  on  ^he  hub  and  were  utilized  as 
major  design  criteria. 

(2)  Test  Procedure 

The  propeller  hub  was  mounted  on  a  specially  designed  tension 
machine,  Figure  144,  ir.  such  a  ..^nner  as  to  simulate  the  air¬ 
craft  mounting.  The  blades  weie  replaced  by  special  test 
shanks  which  were  retained  in  the  hub  by  means  of  the  design 
blade  retention. 

The  centrifugal  and  bending  loads  were  applied  simultaneously 
to  each  barrel  by  .means  of  hydraulic  jacks,  and  a  static  sim¬ 
ulation  of  the  vibratory  loads  were  superimposed  in  the  cor¬ 
rect  phasing.  Because  of  the  highly  rndurdant  nature  of  the 
hub  structure,  the  testing  was  done  in  two  phases; 

(a)  Streaacoat  Teat 

The  initial  effort  consisted  of  a  -jualitetive  stress 
survey  with  brittle  lacquer  to  determine  the  locations 
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Figure  144.  Laboratory  teat  facility  for  the  static  testing  of 
propeller  hubs. 
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Figure  145.  Stress  coat  patterns  appearing  on  the  X-19  propeller  hub 
under  a  simulated  design  steady/vibratory  load  condition. 


of  stress  concentrations  and  directions  of  principal 
tensile  strain,  see  Figure  145.  Results  of  this  test 
phase  were  used  to  assist  in  properly  orienting  re¬ 
sistance  wire  strain  gages  for  the  definitive  phases 
of  the  test  program. 

(b)  Wire  Strain  Gage  Test 

In  view  of  the  limitations  of  Stresscoat  for  quantita¬ 
tively  exact  work,  the  definitive  stress  evaluation 
was  based  upon  the  use  of  a  wire  strain  gage  survey. 
During  the  second  phase  of  the  investigation,  there¬ 
fore,  quantitative  measurement  of  apparent  stress  was 
accomplished  by  means  of  these  gages  and  conventional 
strain  gage  instrumentation. 

On  the  X-19  hub  a  total  of  129  strain  gages  were  in¬ 
stalled.  The  pertinent  locations  are  illustrated  in 
Figures  146,  147,  148  and  149. 

(3)  Results 

An  extensive  analysis  of  the  data  from  129  strain  gages  and 
three  loading  conditions  was  made,  and  the  pertinent  results 
indicating  the  locations  and  stress  magnitudes  of  the  more 
highly  stressed  areas  are  given  in  table  XI.  It  is  seen 
that  for  the  design  loads  the  minimum  factor  of  safety  is 
1.28,  and  for  the  most  part  the  factors  were  well  in  excess 
of  2.0.  The  testing  therefore  indicated  that  the  162595  hub 
was  adequate  for  the  anticipated  flight  loads  of  the  X-19 
aircraft. 

b.  Laboratory  Whirl  Test 

This  is  a  standard  propeller  test  used  in  the  development  and 
qualification  testing  of  the  functional  aspect  of  the  propeller- 
nacelle  assembly. 

(1)  Description 

This  test  was  performed  in  the  C-W,  Curtiss  Division  lab¬ 
oratory  to  demonstrate  operation  of  the  complete  propeller- 
nacelle  assembly.  This  assembly  was  whirled  on  an  electri¬ 
cally  driven  whirl  stand  utilizing  test  shanks  and  counter¬ 
weights  to  simulate  the  blade  loads,  Figure  150.  Testing 
was  performed  at  speeds,  blade  angles,  rate  of  pitch  change, 
and  net  twisting  moments  (centrifugal  and  aerodynamic  twist¬ 
ing  moments),  that  were  predicted  for  normal  operation  of 
the  aircraft.  In  addition,  simulated  governing  and  power 
transients  which  would  require  propeller  pitch  change  excur¬ 
sions  during  the  various  phases  of  aircraft  operation  were 
demonstrated. 

(2)  Test  Program 

The  endurance  qualification  and  assurance  testing  of  the  X-19 
was  initially  performed  to  the  50  hour  level.  Upon  comple¬ 
tion  of  the  50  hour  qualification  test  and  subsequent 
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Outboard  End,  Barrel  1 
Radial  Orientation 


Over  Thread  Relief,  Barrel  1 
Radial  Orientation 
99 


Base,  Barrel  2 
Radial  Orientation 


Outboard  End,  Barrel  1 


Circumferential  Orientation 


Base,  Barrel  1 
Radial  Orientation 


Base,  Barrel  3 
Radial  Orientation 


Figure  146.  Location  of  wire  strain  gages  around  outer  circumference 
of  barrels  of  X-19  propeller  hub  162595  during  static 
testing  in  hub  tension  machine. 
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testing  in  hub  tension  machine. 


Figure  149.  X-19,  propeller  hub  showing  typical  location  of  3train 

gages  during  static  test. 


Table  XI.  Maximum  composite  stresses  in  X-19  propeller  hub  162595 


S  tructural 
Element 

Load 

1 - 

i 

Stress  psi 

Factor 

of 

Safety 

Gage 

No. 

7 -  - 

Gage  Location 
(See  Figs.  139-142) 

Barrel 

III 

5733  +  21826 

2.52 

35 

Bbl.  outer  surface 

0  base;'  radial 

IV 

21467  +  19033 

2.61 

34 

Ditto 

VI 

12357  +  28607 

1.85 

34 

Ditto 

Front  Ring 

m 

6364  +  22189 

2.47 

69 

Front  ring  inner  sur¬ 
face;  circumferential 

n 

1589  +  20026 

2.82 

69 

Ditto 

Q 

2785  +  43948 

1.28 

63 

Ditto 

Rear  Extension 

hi 

103  +  10864 

5.24 

43 

Extension  inner  surface, 
a  bbl ;  longitudinal 

IV 

101  +  9715 

5.86 

43 

Ditto 

VI 

135  +  8155 

6.98 

41 

"  outer  " 

M  tl  tl 

Hub  Shell 
Between  Barrels 

III 

6.06 

126 

Shell  outer  surface; 
fore-aft 

IV 

8535  +  11871 

4.56 

123 

Shell  outer  surface; 
torquewise 

VI 

7139  +  38436 

1.42 

123 

Shell  outer  surface; 
torquewise 

Summary 
minimum  F ,S  .  , 
entire 

III 

6364  +  22189 

2.47 

69 

Front  ring  inner  sur¬ 
face;'  circumferential 

structure 

IV 

21467  +  19033 

2.61 

34 

Bbl.  outer  surface 
@  base ;  radial 

VI 

2785  +  43948 

2.15 

63 

Front  ring  inner  sur- 

! 

- .  1 

face;  circumferential 
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Figure  150.  Laboratory  whirl  test  facility  for  qualifying  fhe  propeller 
nacelle  assembly  under  simulated  loading. 
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inspection,  the  components  were  reassembled  on  the  test  stand 

and  assurance  testing  continued  to  a  total  of  150  hours. 

Test  cycles,  of  one  hour  duration  each,  were  conducted.  Each 

cycle  was  performed  according  to  the  following  schedule: 

(a)  Take-off  and  Hover  Condition  -  8  minutes  per  cycle 

With  the  nacelles  at  the  hover  tilt  stop  position  and 
the  propeller  at  1204  rpm,  the  pitch  change  system  was 
operated  to  cycle  the  blade  angle  as  follows:  The 
counterweight  angle  was  set  equivalent  to  the  take-off 
condition  (approx:  -ately  9°  at  0.:75R)  and  the  pitch 
change  was  oscillated  +  1°  at  a  frequency  of  1.5  cycles 
per  second. 

(b)  Climo  and  Transition.  Condition  -  12  minutes  per  cycle 

While  tilting  the  nacelle  down  to  the  cruise  stop  posi¬ 
tion,  at  a  rate  of  2.5  to  3  degrees  per  second,  in  steps 
of  approximately  15  to  20  degrees  of  tilt,  the  propeller 
speed  was  gradually  decreased  to  957  cruise  rpm.  The 
piten  change  system  was  operated  so  as  to  cycle  the 
blade  angle  at  varying  pitch  change  cycling  rates,  i.e., 
1.2,  0.9,  0.6,  0.3  cycles  per  second  with  the  amplitude 
of  blade  angle  change  compatible  with  the  nacelle  tilt 
gain  change  schedule. 

(c)  Cruise  Condition  -  21  minutes  per  cvcle 

With  the  nacelle  at  the  cruise  stop  position  and  the 
propeller  speed  at  957  rpm,  the  pitch  change  system  was 
operated  such  as  to  cycle  the  blade  angle  at  0.33  cycles 
per  second  with  a  blade  angle  change  amplitude  of 
approximately  +  3°  .• 

(d)  Descent  and  Transition  Condition  -  12  minutes  per  cycle 

While  tilting  the  nacelle  up  to  the  hover  stop  position, 
at  a  rate  of  2.5  to  3  degrees  per  second,  in  steps  of 
approximately  15  to  20  degrees  of  tilt,  propeller  rpm 
was  gradually  increased  from  957  to  1204  and  the  pitch 
change  system  was  operated  to  cycle  blade  angle  in 
reverse  order  of  that  defined  in  Section  (c)  above. 

(e)  High  Speed  Descent  and  Shutdown  -  7  minutes  per  cycle 

With  the  nacelle  at  the  hover  stop  position  and  the 
propeller  speed  at  1204  rpm,  the  pitch  change  system  was 
operated  to  cycle  the  blade  angle  as  described  in  Sub 
section  (a)  above. 
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(f)  Single  Piston  Operation 

During  the  course  of  the  test,  two  one-hour  cycles  were 
accomplished  per  50  hour  of  endurance  using  single 
piston  operation;  one  hour  using  the  front  piston  and 
one  hour  using  the  rear  piston. 

(g)  Data  recorded 

The  following  data  were  monitored  and  recorded  ,<-t  the 
start,  twice  during,  and  again  at  the  end  of,  each  50 
hour  endurance  period: 

(1)  Lube  pump  pressure. 

(2)  Lube  oil  temperature. 

(3)  Rate  of  pitch  change. 

(4)  Control  Response  -  (Blade  angle  input  signal  vs 
actual  blade  angle  vs  time) . 

(5)  Input  control  forces  required  to  obtain  pitch 
change  for  each  of  the  five  conditions  defined  in 
the  test  program. 

(3)  Results 

Following  completion  of  the  initial  fifty  hours  of  qualifi¬ 
cation  testing,  the  propeller  nacelle  assembly  was  re¬ 
assembled  for  continued  testing  under  the  "assurance"  phase 
of  the  program.  This  one  hundred  hours  of  assurance  testing 
was  successfully  completed,  which  concluded  the  total  one 
hundred  and  fifty  hours  of  qualification  and  assurance 
testing. 

Satisfactory  single  piston  operation  after  50  hours  and  again 
at  the  conclusion  of  100  hours  of  assurance  testing  proved 
the  integrity  of  the  dual  piston  system  together  with  the 
dual  piston  monitoring  system. 

At  the  completion  of  the  test  program  all  parts  were  visually 
inspected,  magnetic  particle  and/or  Zyglo  inspected,  as 
applicable,  with  no  discrepancies  reported. 

c.  Electric  Motor  Whirl  Test  of  X-19  Propeller 

The  objective  of  this  test  was  to  obtain  basic  aerodynamic  data  and 
to  fulfill  the  propeller  qualification  requirements  of  specifi¬ 
cation  MIL-P-26366,  on  the  Wright  Field  Electric  Motor  Whirl  Test 
Rig  at  Dayton,  Ohio. 
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The  program  covered  aerodynamic  thrust  and  horsepower  calibration, 
a  flutter  boundary  test,  and  one  hour  over  speed  test  and  the  20 
hour  endurance  test. 

(1)  Test  Program 

The  test  program  run  on  the  ASD-WPAFB  whirl  stand  was  as 
follows : 

(a)  Thrust  and  horsepower  calibration 

Aerodynamic  calibration  of  thrust  and  horsepower  was 
obtained  at  speeds  of  600,  800,  1000,  1200,  1400  rpm  to 
a  limit  of  1400  horsepower,  at  the  following  blade 
angles  +8°,  +10°,  +12°,  +14°,  +16°,  +18°,  +20°,  +22°, 
+24°.  +27°,  +30°,  as  measured  at  the  0.75  radius. 

(b)  Flutter  boundary  survey 

Although  the  propeller  blades  had  been  designed  to  be 
flutter-free  on  the  X-19  installation,  a  flutter 
boundary  survey  was  made  to  verify  the  design. 

(c)  Over speed  run  and  endurance 

The  original  intention  of  this  test  was  to  meet  the  re¬ 
quirements  of  the  Curtiss  Division  X-19  Model  Specifi¬ 
cation  which  called  for  a  one  hour  overspeed  run  at  a 
blade  angle  at  which  730  horsepower  would  be  absorbed 
at  a  speed  of  1491  rpm.  This  speed  is  140%  of  maximum 
continuous  (transition)  speed.  However,  at  the  recom¬ 
mendation  of  ASD,  the  program  was  changed  to  meet  the 
interpretation  of  the  requirements  of  MIL-P-26366  for 
propeller  qualification  as  follows: 

Blade  Angle 

Horsepower  RPM  @  42  in.  Radius 
One  Hour  Overspeed  1075  1491  19.5° 

20  Hour  Endurance  1612  1230-1245  26.4° 

The  rating  for  the  one  hour  overspeed  was  based  on  the 
propeller  absorbing  normal  rated  propeller  power  (2150  x 
0.5)  at  120  percent  of  the  maximum  rated  propeller  rpm 
(1204  x  1.20). 

The  rating  for  the  endurance  condition  was  based  on 
absorbing  150  percent  of  normal  rated  power  possible 
from  the  two  X-19  engines  (2150  x  2  x  1.5)/4  divided 
among  the  four  propellers  at  a  blade  angle  setting  at 
which  the  propeller  absorbs  normal  rated  propeller  power 
at  normal  rated  rpm  (2150  x  0,5  @  1204  rpm). 
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For  comparison,  the  operational  ratings  of  the  X-19 
propellers  are  given  below  for  the  13,660  lb  gw  A/C. 

Take-off  and  Hover  860  HP  @  1204  rpm 

Cruise  563  HP  @  957  rpm 

(d)  Instrumentation  and  Limitations 

In  order  to  define  and  monitor  the  magnitude  of  blade 
stresses  during  the  whirl  testing,  the  propeller  blades 
were  completely  instrumented  and  this  gaging  is  shown  in 
Table  XII.  The  output  of  these  gages  was  recorded  or 
monitored  throughout  the  major  portion  of  the  testing. 

At  the  conclusion  of  the  basic  test  program,  the  gages 
were  stripped  and  a  short  calibration  run  was  made  to 
determine  the  aerodynamic  interference  effect,  if  any, 
of  the  gage  installation  on  the  static  thrust.  No 
change  was  noted.  In  order  to  assure  safe  operation  of 
the  propeller,  the  following  limitations  were 
established 


(e) 


(1)  Flexural  Stress 
(aa)  Steei 
(bb)  Fiberglass 

(2)  Shear  Stress 
(aa)  Steel 
(bb)  Fiberglass 

(3j  Propeller  rpm  not  to 

Blade  stresses 


+  18,000  psi 
+  4,000  psi 

+  6,000  psi 
+  1,000  psi 
exceed  1491. 


Blade  vibratory  stresses  were  recorded  during  the  aero¬ 
dynamic  calibration  and  endurance  runs,  A  series  of 
stress  surveys  was  conducted  utilizing  these  gages  and 
typical  maximum  composite  blade  stress  curves  of  the 
results  as  shown  in  Figures  151,  152.  From  the  results 
of  these  surveys,  a  group  of  gages  was  selected  and 
monitored  throughout  the  calibration  and  enduratfce  runs. 


Maximum  stresses  encountere  were  as  follows: 
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Table  XII.  Gage  layout. 


Location 

Blade 

1 

2 

3 

Gages  radially  mounted  0.5  chord, 

Camber  Plate 

12"  Sta. 

X 

18"  Sta. 

X 

- 

- 

24"  Sta. 

X 

- 

- 

30"  Sta.  (rectangular  rosette)* 

X 

- 

X 

36"  Sta. 

X 

- 

- 

42"  Sta. 

X 

X 

X 

48"  Sta.  (rectangular  rosette)* 

X 

- 

- 

54"  Sta. 

X 

X 

X 

60"  Sta.  (rectangular  rosette)* 

X 

- 

- 

66"  Sta. 

X 

- 

- 

Gages  radially  mounted,  Camber  Plate 

15"  Sta.  (2"  from  L.E.) 

X 

15"  Sta.  (1"  from  T.E.) 

- 

- 

X 

48"  Sta.  (2"  from  L.E.) 

- 

- 

X 

54"  Sta.  (2"  from  L.E.) 

X 

X 

- 

Shank  gages  mounted  radially,  6.25"  Sta. 

0°  (rectangular  rosette)* 

X 

X 

X 

22°  (flexural  gage) 

X 

- 

- 

45°  (rectangular  rosette)* 

X 

X 

X 

67°  (flexural  gage) 

X 

- 

- 

90°  (rectangular  rosette)* 

X 

X 

X 

112°  (flexural  gage) 

X 

- 

- 

Gages  transversely  mounted  0.5  chord, 

Thrust  Plate 

’8"  Sta. 

X 

4"  Sta. 

X 

X 

- 

30"  Sta. 

- 

X 

- 

36"  Sta. 

- 

- 

X 

42"  Sta. 

- 

- 

X 

*  The  rectangular  rosette  gages  were  oriented  such  as  to  have  the 
center  leg  in  the  radial  direction.  The  two  remaining  legs  were 
used  as  a  shear  bridge. 


268 


66"  Sta.  |  |  |  12XP  (607.) 


test  on 


Vibratory 

Stress 

±  psi _ RPM 


Blade  Angle 
(Deg.  at 
42"  sta.) 


Steel  Shank 


Radial 

Shear 


7100  1300  5 

1300  1290  24.4 


Fiberglass 

Radial 

Transverse 

Shear 


1900 

800 

300 


1300 

840 

1300 


5 

40.2 

5 


In  summary,  the  blade  vibratory  stresses  encountered 
during  the  aerodynamic  calibration  and  endurance  running 
were  low  with  no  indication  of  blade  flutter  or 
resonance . 


On  the  basis  of  theoretical  analysis,  indications  of 
resonance  would  have  been  expected  at  about  800  and  1350 
RPM,  see  Figure  123,  but  these  points  were  obscured  by 
the  high  damping  of  the  system.  Laboratory  testing  had 
shown  that  the  internal  material  damping  of  these 
fiberglass  blades  is  relatively  high  as  compared  with 
the  former  metal  blades.  This  has  been  evident  in  the 
power  requirements  necessary  to  obtain  adequate  stress 
levels  in  endurance  testing  and  in  preliminary  logarithmic 
decrement  evaluation.  Therefore,  it  had  been  contended 
that  these  fiberglass  blades  would  show  significantly 
lower  response  characteristics  than  had  been  experienced 
in  the  past.  However,  examination  of  the  stress  curves, 
Figures  131  and  152,  could  indicate  that  a  resonance  is 
being  approached  at  about  1200  -  1300  rpm. 

It  is  to  be  noted  that  the  plots  represent  a  maximum 
value,  and  a  study  of  the  stress  records  indicate  that 
the  increase  in  stress  at  this  speed  is  due  to  a  beat 
frequency  which  appears  to  be  power  sensitive.  Further, 
stress  records  taken  in  the  1300  to  1400  rpm  range  were 
not  speed  sensitive  as  would  be  expected  with  a  well 
defined  resonance. 


The  X-19  Propeller  with  13166A10P3  design  fiberglass 
foam  filled  blades  has  successfully  completed  a  whirl 
test  required  in  the  X-19  Model  Specification  and  the 
overload  requirements  of  MIL-P-26366.  Structural 
strength  of  the  blade  design  was  proven. 
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(f)  Propeller  Inspection 

Following  the  testing  the  propellers  were  shipped  back 
to  the  Curtiss  Division  where  a  detailed  inspection  was 
made . 

All  steel  and  aluminum  parts  were  magnafluxed  and 
zygloed.  All  parts  passed  Magnaflux  and  Zyglo  inspec¬ 
tion. 

Visual  examination  showed  all  parts  to  be  in  excellent 
condition  except  for  the  P/N  162563  blade  bearings  which 
had  false  Brinell  marks.  The  P/N  162843  block  had 
spline  tooth  markings  on  it  from  contact  with  che 
piston.  The  P/N  13166A10P3  design  blaaes  S/N  P-50, 

P-63,  and  P-91  were  in  ve’-y  good  condition  except  for  a 
foam  separation  on  blade  S/N  P-91.  X-Ray  examination 
and  visual  inspection  showed  no  internal  cracks  in  any 
of  the  blades. 

The  bearings  were  inspected  metallurgically ,  and  found 
to  be  within  drawing  specifications  with  a  hardness  o 1 
Rc  62  and  correct  microstructure.  The  race  curvatures 
were  measured  and  found  to  be  within  specifications. 

The  false  Brinelling  of  the  bearing  races  noted  was  the 
result  of  subjecting  the  bearings  to  abnormal  loads  due 
to  high  centrifugal  loading  and  poor  lubrication  condi¬ 
tions  resulting  from  fixed  pitch  (no  blade  oscillation). 
This  condition  is  conducive  to  fretting  corrosion  of  the 
races  as  the  contact  area  becomes  dry. 

d.  1XP  Gyroscopic  Endurance 

The  gyroscopic  rig  was  developed  to  provide  a  relatively  simple 
means  of  endurance-testing  a  full  sized  propeller  at  its  design 
vibratory  and  steady  loads.  In  this  testing  the  blade  first  order 
aerodynamic  loading  is  simulated  by  the  1XP  gyroscopic  or  inertia 
loading  of  the  precessing  propeller. 

(1)  Rig  Description 

The  gyroscopic  test  rig.  Figure  153,  is  an  assembly  of  an 
R-2800  propeller  driven  engine,  a  special  propeller  mounting 
provision  and  an  electric  motor/Reeves  processional  drive 
system,  all  of  which  is  mounted  on  a  circular  track  turn¬ 
table.  The  turntable  can  be  rotated  at  speed  from  0  to 
25  rpm.  Adaptations  have  been  made  to  the  R-2800  nose  sect¬ 
ion  to  permit  a  direct  or  geared  propeller  drive  depending 
upon  the  rpm  and  horsepower  requirements  of  the  test  prop¬ 
eller.  The  entire  propeller-engine  assembly  is  enclosed  in 
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66-106 


Figure  153.  Curtiss  gyroscopic  test  facility  for  qualifying  full  scale 
v  propellers  under  simulated  steady  and  vibratory  loading. 
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protective  shroud,  and  a  baffle  ring  is  provided  *  ~>  pro¬ 
vide  a  somewhat  better  airflow  through  the  propeller  disk. 

(2)  Test  Program 

As  previously  stated  the  gyroscopic  test  is  designed  to 
provide  endurance  testing  of  the  assembled  propeller; 

(blades,  hub,  and  propeller  mounting),  at  the  combined  steady 
and  1XP  vibratory  design  loads.  The  centrifugal  loads  are 
exactly  simulated  by  driving  the  pr  neller  at  its  design  rpm. 
The  steady  static  aerodynamic  bending  loads  are  simulated  b’ 
adjusting  blade  angles,  i.e.  power  and  thrust  until  the 
desired  blade  stress  level  is  obtained.  The  1XP  vibratory 
loading  is  generated  by  the  inertia  forces  resulting  from 
the  precession  of  rotation  of  the  rig  and  the  desired  magni¬ 
tude  established  by  the  variation  of  rig  speed.  In  the 
course  of  the  development  of  the  X-19  blade  design,  several 
propellers  were  run  on  the  gyroscopic  facility.  With  the 
design  lo-.ds  thus  simulated  the  testing  is  continued  for  a 
specified  number  of  hours.  The  final  test  on  using  the 
13166A12P3  blades,  is  generally  typical  and  is  presented  in 
detail . 

(a)  X-19  Propeller  Gyroscopic  test 

The  13166A12P3  blades  (S/N  P154-6,  P190-4  and  P193-4), 
were  strain  gaged  similar  to  the  layout  shown  in  Table 
XV,  The  propeller  was  then  mounted  on  the  test  rig 
which  had  been  modified  to  incorporate  the  nacelle 
housing  so  that  the  propeller  mounting  and  drive  would 
duplicate  the  aircraft  installation .  Stress  surveys 
were  then  made  at  800,  900,  1,000,  1100  and  1204  pro¬ 
peller  rpm  without  rig  precession,  and  a  10,  11,  and  12 
rig  rpm  and  1204  propeller  rpm.  For  this  propeller, 
the  endurance  condition  was  set  up  to  duplicate  the  30 
ft/sec  gust  at  a  50  knots  transition  for  the  13,660  lbs. 
a  rcraft,  see  Table  VIII.-  For  this  condition  the  maxi¬ 
mum  blade  stresses  were  computed  to  be  4500  +  2900  psi. 

The  stress  surveys  s'  owed  that  at  the  desired  propeller 
speed  of  1204  rpm,  operational  limitations  of  the 
R-2800  direct  drive  engine  caused  abnormally  low  blade 
engine  angi.e  operation  which  resulted  in  a  blade  steady- 
stress  of  approximately  10,000  psi.  This  was  con¬ 
siderably  above  the  desired  value,  and  an  equivalent 
condition  was  selected. 

This  is  illustrated  in  Figuie  154  which  shows  the 
desired  point  with  respect  to  the  material  G_sj.gn 
Goodman  curve.  To  maintain  the  same  relationship  to 
this  curve  at  10,000  psi  steady  stress  requires  a 
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Vibratory  Stress  -  +  1000  psi 


Figure  154.  v.-19  blade  modified  Goodman  diagram  showing  design  and 

gyroscopic  test  points. 


67-2U2 
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vibratory  stress  of  +  2200  psi.  Endurance  was  there¬ 
fore  set  up  for  blade  stress  levels  of  10,000  +  2200  psi, 
psi,  or  1204  propeller  rpm,  12.4  rig  rpm,  and  B42  = 

12° .  Later  analysis  of  the  stress  records  indicated 
actual  stress  levels  were  10,000  +  2300  psi.  See 
Table  XVI. 

At  the  end  of  3  hours  running  under  these  loads,  a 
small  area  of  foam  separation  was  suspected  on  blade 
P-190,  and  at  the  completion  of  4  hours  this  separation 
was  definitely  confirmed  and  the  testing  was  stopped 
for  blade  repair.  During  this  interim,  it  was 
suggested  that  the  propeller  drive  be  changed  from 
direct  drive  to  an  0.45  gear  ratio  which  would  improve 
the  operation  of  the  R-2800  drive  engine  and  permit  a 
better  simulation  of  operating  blade  angle  and  steady 
blade  loading.  These  changes  were  made  and  the  testing 
resumed.  Stress  surveys  were  retaken  and  it  was  found 
that  the  steady  stress  could  be  reduced  to  7000  psi. 

From  the  Goodman  curves  this  required  increasing  the 
vibratory  stress  level  to  +  2500  psi,  Figure  154. 
Endurance  was  continued  at  this  load  level  for  an  addi¬ 
tional  36.5  hours  at  which  time  the  test  was  terminated 
due  to  a  separation  of  the  foar.i  in  blade  P-190. 

(b)  Results  X-19  Gyro  Test 

The  stresses  measured  on  the  X-19  propeller  blade 
during  gyroscopic  testing  are  given  in  Table  XIII  and 
Figure  155.  Following  the  testing  the  propeller  was 
completely  disassembled  and  inspected.  This  inspection 
showed  that  except  for  the  foam  separation  on  blade 
P-190  and  brinelling  of  the  blade  retention  bearings 
all  parts  were  in  good  condition.  The  brinelling  of 
the  bearing  races  is  common  in  fixed  pitch  operation. 
Based  upon  the  40.5  hours  endurance,  the  propellers 
were  considered  satisfactory  for  flight  test  purposes 
provided  that  a  blade  inspection  for  foam  separation 
was  made  after  each  flight. 

e.  Half  Systems  Rig  Testing 

The  half  systems  rig  was  designed  and  built  primarily  for  devel¬ 
opment  and  qualification  testing  of  the  X-19  power  transmission 
system.-  This  test  facility,  Figure  156,  duplicated  the  forward 
half  of  the  X-19  transmission  system;  engines,  gearboxes, 
shafting,  and  propeller's-  The  power  which  would  normally  be 
delivered  to  the  rear  propellers  was  absorbed  by  a  water  brake. 
Although  not  lo "ended  a.~  a  propeller  test,  per  se,  it  did  provid 
extensile  riprra«.! onal  experience  under  a  wide  range  of  horsepower, 
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e  XIII.  Vibratory  and  steady  stress  summary,  X-19  blades. 


,250  Endur.  Cond. 


Endurance  Time  -  hours 


[ 


I 


66-105 
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Figure  156.  Curtiss  half  system  test  rig  for  qualifying  the  propulsion 
system  of  the  X-19. 


rpm,  and  propeller  tilt  angle  which  simulated  aircraft  operation. 
Further,  the  half  systems  rig  was  in  the  open  and  was  operated 
year  round  under  all  normal  weather  conditions,  and  thus  provided 
a  limited  degree  of  environmental  testing. 

A  typical  load  spectrum  used  during  half  system  running  is  given 
in  Table  XIV..  Throughout  the  half  systems  testing  the  same  set 
of  propellers  was  used,  and  they  accumulated  over  400  hours  of 
total  running  time.-  T1  only  blade  repair  necessary  during  that 
operation  was  repair  of  leading  edge  erosion  following  a  run  made 
during  a  heavy  rain.  A  heavy  urethane  protection  strip  was 
installed  which  prevented  recurrence  of  that  problem.: 
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Table  XIV.  X-19  PFVT,  13,660  lb  gross  weight  flight  cycle. 


Fifteen  cycles  of  ten  hours  duration  were  conducted. 
Each  test  cycle  was  performed  according  to  the 
following  schedule: 


Time 

Prop 

rpm 

1 

Prop  HP 

Water 

Brake 

Engine 

rpm 

Tilt 

Angle 

Total  Horsepower  in 
Transverse  and  Rear 
Longitudinal  Shafts 

min 

sec 

No.  1 

No.  4 

HP 

rpm 

Take-Off  Hover  and  Differential 

Pitch 

R 

16 

0 

1204 

860 

860 

1280 

4950 

15,100 

96.5° 

3000  ** 

1 

0 

1204 

1100 

1100 

1280 

4950 

15,100 

96.5° 

3430 

R* 

3 

0 

1204 

604 

1100 

1280 

4950 

15,100 

96.5° 

2984 

R* 

3 

0 

1204 

1100 

604 

1280 

4950 

15,100 

96.5° 

2984 

5 

0 

1204 

890 

719 

1280 

4950 

15,100 

96.5° 

2889 

5 

0 

1204 

719 

890 

1280 

4950 

15,100 

96.5° 

2889 

Up  and  Down  Transition  -  Climb  and 

Descent 

3 

0 

1066 

825 

825 

790 

4400 

13,400 

73.0° 

2440 

12 

0 

1066 

767 

767 

786 

4400 

13,400 

50.0° 

2320 

15 

0 

1066 

652 

652 

1356 

4400 

13,400 

3.0° 

2660 

Maximum  Speed  Cruise 

_ 

504 

0 

957 

563 

563 

1126 

3940 

12,000 

3*0° 

2252 

\ 

Landing 

30 

0 

860 

860 

1280 

4950 

15,100 

96.5° 

3000 

Emergency  -  1 

Engine  Out 

3 

0 

1204 

730 

730 

740 

4950 

15,100 

96.5° 

2200 

600 

0 

=  10 

Hours 

*  Twice  during  each  ten  hour  cycle,  this  point  was  set  by  holding  1250  HP 
for  15  seconds  on  the  right  propeller  and  863  HP  on  the  left  propeller 
and  vice  versa. 

Inspections  were  made  as  required  during  this  qualification  testing. 

**  Since  the  engine  torquemeter  has  an  accuracy  of  +  47„  of  normal  rated 
power,  (.04  x  1850  =  74  HP)  it  was  almost  impossible  to  guarantee  the 
input  horsepower  using  the  engine  torquemeter.  Therefore,  the  power 
supplied  to  the  E.C.G.B.  was  the  total  HF  in  the  shafts  plus  the  losses 
due  to  Tee  Box  and  E.C.G.B.  efficiency. 
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SECTION  VI 


AIRCRAFT  CONTROL  BY  PROPELLER  THRUST  MODULATION 


SECTION  VI  -  NOMENCLATURE 
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T 
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D 

qs 

L 
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control  power 

total  power  coefficient,' 
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ft 

lb 
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V 

propeller  advance  ratio,  — 

’  nD 

Height  control  anticipator  gain,  rpm  (prop)/deg 
rolling  moment  -  qSCjb  ft-lb 


lift 


qsc 


lb 


rolling  moment  due  tc  lateral  velocity,  ft-lb/ft/sec 

pitching  moment  ft-lb 

yawing  moment,  ft-lb 

height  control  anticipator  signal 

rate  ot  change  of  yawing  moment  with  lateral  velocity, 
ft-lb/ft/sec. 
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-  j  pv 


2m  (550  HP)  torque 

dynamic  pressure 

wing  area 
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ahort  take-off  and  landing 
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forward  velocity, 


it-lb 

lb/ft2 
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lb 
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V 
X 

Y 
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Ba 

*r 

0 

P 
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aircraft  weight, 
moment  arm 

propeller  yawing  moment 
propeller  blade  angle 
aileron  deflection  (a 

•r 

rudder  deflection 


-  8.  > 


power  lever  rotation 
front  propeller  tilt  angle 

density 


lb 

ft 

ft-lb 

degrees 

degrees 

degrees 

degrees 

degrees 

slug/ft3 


height  control  anticipator  wash-out  time  constant,  sec 


Subscripts 

F 

R 

1,2, 3,  U 
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Front  propeller 
Rear  propeller 
Propeller  number 
Wing 


Propeller  Numbering 
System 


©)© 


Forward 


SECTION  VI 


AIRCRAFT  CONTROL  BY  PROPELLER  THRIST  MODULATION 
!,  INTRODUCTION 

The  statement  of  work  does  not  specifically  cab1  tor  a  discussion  of  the 
thrust  modulation  technique.  However  it  is  felt  this  section  would  be  in¬ 
complete  without  such  a  description.  For  this  reason,  the  introduction 
will  be  devoted  to  an  understanding  of  the  control  mechanism  as  it  relates 
control  inputs  to  propeller  blade  angle,. 

A  block  diagram  of  the  control  system  is  given  in  Figure  157.  The  system 
behaves  in  the  following  manner.  The  pilot  inserts  various  signals  into 
the  coordinator  by  moving  the  control  stick,  tilting  the  nacelles  and 
changing  throttle  or  the  pilot  manual  trim.  The  aircraft  reacts  and  sets 
up  various  motions.  The  pitch  and  roll  SAS  sense  respective  angular  rates 
thereby  adding  new  inputs  to  the  coordinator.  In  general,  the  stick  or 
SAS  m-tion  feed  additively  into  the  coordinator;  i.e.,  either  stick  cr  SAS 
are  governed  by  Figures  158  or  160  with  the  following  restrictions. 

(1)  SAS  has  307«  authority  of  the  stick,  (2)  Sum  of  SAS  and  stick  do  not 
exceed  maximum  y(i)  shown  in  curves  158  and  1C0,  Changes  in  throttle  or 
power  will  be  sensed  as  RPM  changes  in  the  govern -r  system  which  in  turn 
alters  the  output  of  the  coordinator  collectively,; 

The  output  of  the  coordinator  in  response  to  pilot,  SAS,  or  governor 
action,  is  given  by  the  following  expression: 


(spiecb> 


y(D  /  v 

1  ^pitch 


(Sroll> 


,  y<3>  t 
+  yi  (vroll 


)]  +  G<y>  yi(4)+r1(5)+r1(6) 


where:. 


Spitch  =  stick  position  From  Fig.  158  readout:' 

^pitch  =  pilot  pitch  trim  From  Fig.  159  readout:' 


v  pitch  =  SAS  position  From  Fig.  158  readout: 

C 

ijll  =  stick  position  From  Fig.  160  readout: 


vroll  =  SAS  position  From  Fig..  160  readout: 
Syaw  =  pedal  position  From  Fig.-  161  readout: 
^F  =  front  tilt  angle  From  Fig.  162  readout: 
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Figure  158.  X-19,  coo  o  nator  output,  stroke  as  a  function  of  pitch 

control  d<  section  or  SAS  motion. 
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.‘•’ijrare  160.  X-^9,  coordinator  output  stroke  as  a  function  of  roll  control 

deflection  or  BAS  motion. 
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X-19,  coordinator  output  stroke  as.  a  function  of  tilt  angle 
(auto-trim  r.cheduio). 
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S  -  stick  position 
A  *  pilot  pitch  trim  position 
►  -  SAS  position 

h  -  Collective  shaft  position 

/  A  V 

K  -  Coordinator  output  position  *  Y ' 
^i  -  nacelle  input  position 
•^,?5R  -  propeller  blade  angle  (pitch) 

^F  -  front  tilt  angle 

Subscripts 
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S-uperccripts  - 

t «  v 

Y'l)  coordinator  output  due  to  stick  or  SAS  -•  (pitch  plane) 

y(2,  coordinator  output  due  tc  pilot  manual  trim  button 

("i  \ 

Yx -  coordinator  output  due  to  stick  or  SAS  -  (roll  olane) 

y{**'  coordinator  output  due  to  redale  -  (yaw  plane) 

y'*'  coordinator  output  due  tc  auto-trim  schedule 

coordinator  output  due  to  governor  collective  motion 


The  output  of  the  coordinator  is  transmitted  by  a  push-pull  linkage 
through  the  fuselage  and  wings  to  the  nacelle  inpur  ara.  The  gearirg  of 
this  linkage  is  given  in  Figure  167,  The  nacelle  contains  a  gain  changer 
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Figure  163.  X-19,  propeller  pitch  control  gain  as  a  function  of  tilt 

angle  (pitch-gain  schedule). 
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Figure  164. 


X-19,  propeller  roll  control  gain  as  a  function  of  tilt  angle 
(roll-gain  schedule). 
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Figure  165. 


X-19,  propeller  yaw  control 
(yav-gain  schedule). 


gain  as  a  function  of  tilt  angle 
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Figure  166.  X-19,  coordinator  output  stroke  as  a  function  of  governor 

collective  shaft  displacement. 
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cegrees 


Figure  167, 


X-19,  nacelle  input  arm  position,  X  ,  as  a  function  of  coordinator 
output  stroke,  Y  . 
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which  is  sensitive  to  tilt  angle  and  the  input  arr.i  position.;  The  output 
of  the  nacelle  is  fed  into  the  propeller  servo  control,  from  which  a  pro¬ 
peller  blade  angle  is  generated. 

The  relationship  between  nacelle  input  arm,  tilt  angle  and  lade  angle  is 
given  in  Figure  168 At  a  given  flight  condition,  the  propeller  blade 
angle  determines  the  torque  absorption  for  a  horsepower  input. 

Obviously,  as  the  four  propeller  blade  angles  change,  the  aerodynamic 
torque  is  altered  and  the  system  changes  RPM.  The  governor  senses  this 
change  and  automatically  adjusts  the  collective  shaft  position,  fJ.  ,  to 
maintain  fixed  RPM.  This  alters  the  output  of  the  coordinator  sending  an 
equal  stroke  to  each  of  the  four  propellers. 

2.  CONTROL  POWERS. 

The  following  are  the  design  hover  control  powers. 

The  maximum  angular  accelerations  quoted  are  for  a  W  =  12,300  lb 


airplane: 

Axis 

Max.  Control  Power 
ft.  lb. 

Max.  Angular 
Acceleration,  rad/sec 

Pitch 

+ 

27,000 

+  0 .68 

Roll 

+ 

20,000 

+  1.75 

Yaw 

+ 

5,600 

+  0.12 

3.  TIME 

CONSTANT  FOR  PROPELLER  FORCES 

Time  response  of  hover  pitch,  roll  or  yaw  control  moments  to  pilot 
commanded  step  control  inputs  are  shown  in  Figure  169.  Common  factors 
in  pitch,  roll  and  yaw  systems  are,  (1)  an  assumed  dead  time  due  to 
system  linkage  "slop",  etc.,  of  0.2  seconds  following  control  application, 
and  (2)  the  propeller  blade  angle  actuator  with  a  time  constant  of  0.085 
seconds.  The  pitch  and  roll  systems  both  include  hydraulic  boosters 
which  introduce  a  further  system  lag.  It  was  not  possible  to  determine 
the  boosters'  time  constant  at  the  time  of  writing,  so  a  representative 
time  constant  of  0.1  seconds  was  assumed  for  both.  There  is  no  boost 
in  the  yaw  control  system. 

Thrust  growth  or  decay  time  following  a  propeller  blade  angle  change  was 
computed  to  be  0.0065  seconds.  This  is  based  on  the  following:  (1)  hover 
propeller  speed  of  819  *nD;  (2)  0.7R  blade  station;  and  (3)  the  lift 
change  is  developed  in  two  chord  lengths  of  passage.  This  lag  was 
considered  negligibly  small  and  hence  omitted.  No  SAS  effects  are 
included  in  data  given  on  Figure  169. 
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Figure  168. 


X-19,  propeller  blace  angle 
arm  position,  X  . 


(3  .75R  as  a  function  of  nacelle  input 
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Figure  169.  X-19,  hover  control  moment  response  due  to  a  pilot  commanded 

step  input  of  pitch,  roll  or  yaw  control. 


4.  PROPELLER  POWER  INCREMENTS  DUE  TO  CONTROL  APPLICATION 


The  power  increments  due  to  control  deflections  depends  on  the  coordina¬ 
tor  gai  ■  n<  ie-lules.  One  can  obtain  this  information  from  the  introduc¬ 
tion  cf  his  section.  However  a  more  convenient  form  is  plotted  in  the 
Figure  - r  Section  VII,  7.c.  These  figures  show  directly  the  stick-im¬ 
posed  pro  ’i'--r  lade  angle  increments  (maximum)  as  a  function  of  tilt 
angli  l'  Jin  f  *ve  curves,  and  specifying  the  recommended  tilt-velocity 
sche  ’u  :  wejf.u:,  su..ady  state  conditions,  density,  RPM  and  center  of 
gravity  one  reu  obtain  the  power  increments  due  to  control  applications. 

5..  CONT'R  COUPLING  AND  RESPONSE 


Ae-'ouyna:  i.:  character  !.  ?ci.  s  of  the  propeller  control  system  are  described 
her'e’n.  The  blade  ang  e  cf  each  of  the  four  propellers  as  a  function  of 
t'l  stick  input  is  given  on  Figure  170.  The  blade  angle  change  will 
■  ;ive  orce  components  net  ending  on  the  operating  J,  A  and  wash  conditions. 

•  i  >rces  add  ve<-  tori-u 3  •/  about  the  center  of  gravity,  to  obtain  result¬ 

ant  Cvntrol  moments.  In  addition,  the  aerodynamic  control  surfaces  which 
function  in  parallel  with  the  propellers  blade  angle  changes  contribute 
tneir  share  to  the  moments.  Lastly,  the  propeller  power  effects  upon  the 
wings  are  added  into  the  moments.  The  equations  governing  the  forces  are 
given  below  for  a  wind  axis  system. 


ZL  ■  [<V  %>XF  +  CL3>Xr]  Is  +  «1  -  V‘°»  AF  + 

(Q3  ■  Q2)cos  +  (Y1  -  Y^)  sin  k^  +  -  Y^sin  AR  + 

C,  Sbpq8r  +  C  SbFqSa  + 

°r  ®a 

v-  \:\] qs 

2  o 


«Y  -  C  )Y 
■  hi  Lw.  Tw 

l  4 


Yaw 


EN  ■  [W**  +  V  CD ,)Xr1‘iS  +  %  -  V  Sin  *F  + 

4  1  3  2  J 

(Q2-  Q3)sin  Ar  +  (Yx-  Y4)cos  +  ( Y ^  Y^cos  A^  + 


Cn.SV8a  +CnfcSbFqSr 

8a  Sr 


The  pitching  moment  equation  is  omitted  because  of  the  symmetry  in  the 
lateral  plane. 


The  means  of  eliminating  the  lateral  coupling  was  as  follows.  Assume 
that  a  roll  signal  is  applied.  Select  some  front  blade  angles  according 
to  the  relationships  set  forth  in  Figure  170.  Then  select  a  set  of  rear 
blade  angles  in  similar  manner.  Obtain  the  propeller  forces  which  result 
from  the  blade  increments  and  solve  in  the  yaw  equation,  by  reiterating 
on  the  rear  propeller  blade  angle  increments  until  yaw  moment  is  zero. 
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Then  knowing  the  fore  and  aft  blaae  angles  which  give  zero  yaw,  substitute 
into  the  roll  equation  to  determine  the  magnitude  of  the  roli  moment. 

Then  select  new  fi-ont  blade  angles  and  repeat  the  process  until  the  de¬ 
sired  range  of  rolling  moment  for  zero  yaw  coup1 ing  is  established.  A 
similar  procedure  is  used  to  obtain  the  uncoupled  yaw  input.  This  proce¬ 
dure  wa~  performed  on  a  digital  computer,  where  jncoupled  lateral  - 
directional  moments  resulted,  at  the  full  stick  deflection.  For  partial 
stick  deflections  a  small  coupling  was  permitted.  The  results  are  shown 
in  Figure  171  for  the  case  of  the  yawing  input.  The.  coupling  at 

0  =  20°  and  40°  is  entirely  due  to  the  rudder  induced  roll,  as  the  pro- 

p 

pellers  are  phased  out.  Yaw  induced  by  the  roll  control  was  insignifi¬ 
cant  . 

The  pitch  coupling  created  by  a  roll  or  yaw  signal  in  the  hover  regime  is 
shown  in  Figure  172.  For  a  full  roll  nr  yaw  signal,  a  negative  pitch 
coupling  of  2100  ft-lbs.  is  induced.  This  is  less  than  ten  percent,  of 
the  pitch  control  capability.  It  was  reasoned  the  if  a  full  roll  signal 
was  inserted,  the  pilot  might  easily  generate  an  inadvertent  ten  percent 
pitch  signal  (one  half  inch  of  the  stick  motion)  without  realizing  it. 
Consequently,  this  degree  of  pitch  coupling  was  permitted. 

Experience,  in  flying  the  X-’9,  apparently  has  justified  this  philosophy. 
No  complaints  were  registered,  concerning  the  control  systems  coupling 
characteristics.  Further,  it  should  be  borne  in  mind  that  this  discussion 
relates  to  pure  aerodynamic  coupling.  Any  small  alignment  problems 
existing  in  the  region  of  flight  experience  could  only  have  compounded 
the  problem. 

Figures  173  ctnd  174  have  beer,  included  to  illustrate  the  various  forces 
contributing  to  the  uncoupled  control  inputs..  The  front  propeller 
has  been  held  constant  throughout  the  range  of  tilt  angles  as  a  matter  of 
convenience.  Therefore  these  buildups  do  not  conform  direccly  with  the 
system  roll  and  yaw  gains..  However,  thev  point  up  the  unusual  inter¬ 
change  of  the  forces  as  contribute  to  a  coutrci  moment  while  nulli¬ 

fying  the  coupling  moment. 

6.  PROPELLER  CONTRIBUTION  TO  STEADY  STATE  AIRCRAFT  MOMENTS  DURING 
TRANSITION 

figures  175,  176,  177,  178  show  the  aircraft  pitching  moment  characteris¬ 
tics  at  Pour  propeller  tilt  angles  in  transition.  Shown  in  these  Figures 
are  the  propeller  and  airframe  contributions  tc  Che  total.  These  data 
have  been  extracted  ft  urn  the  wind  tunnel  data  of  (41)  .. 

At  each  tilt  angle  shown  the  propellers  are  operating  at  fixed  advance 
ratio  and  total  power  ccatiicient  as  given  below: 
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Figure  171.  X-19,  roll  coupling  generated  by  a  yaw  cont 


Pitch  Coupling  Moment  -  ft  lb 


X-19,  pitch  coupling  generated  by 
V  =  0  fps. 
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X-19,  distribution  of  forces  due  to  a  roll  control  input 
(maximum  aileron). 
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Figure  174.  X-19,  distribution  of  foices  due  to  a  yaw  control  input 

(maximum  rudder) . 
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Figure  175.  X-19,  aircraft  pitching  moment  characteristics  at  =  20°, 

Including  airframe  and  propeller  contributions;  c.g.  »  42.87. 
lift  chord. 
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Figure  177.  X-19,  aircraft  pitching  moment  characteristics  at  0p  =  60°, 

including  airframe  and  propeller  contributions;  c.g.  =*  42.87. 
lift  chord. 
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Figure  178.  X-19,  aircraft  pitching  moment  characteristics  at  =  82.57., 

including  airframe  and  propeller  contributions;  c.g.  -  42.8% 
lift  chord. 
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The  above  C  values  are  those  required  for  equilibrium  flight  with  an  air¬ 
craft  weight  of  12,300  lbs.  It  should  be  noted  that  the  propeller  contri¬ 
butions  to  C  were  obtained  merely  by  subtracting  the  "propellers  off" 
curves  from  the  "power  on"  curves  so  that  any  propeller  interference 
effects  on  the  airframe  are  included. 

The  effect  of  c.g.  location  is  conventional,  namely,  the  further  forward 
the  c.g.  the  more  stable  the  value  of  Cm.  The  effect  of  increasing  power 
at  0p  =  20°,  40°,  60°  is  slightly  destabilizing;'  at  0p  =  82.5s  f  increas¬ 
ing  power  is  slightly  stabilizing.  No  strictly  theoretical  estimates  of 
propeller  contributions  to  pitching  moments  in  transition  were  made. 

7.  CONTROL  DEFICIENCIES  AND  ACTIONS 

a.  Increased  Low  Speed  Roll  Control 

Flight  test  experience  with  a  number  of  jet- lift  VTOL  types  had 
indicated  a  need  for  higher  roll  power,  than  was  predicted  by  many 
of  the  published  low  speed  handling  qualities  criteria.  Results 
with  these  aircraft  showed  the  need  for  providing  an  available 
roll  acceleration  of  approximately  i .5  to  1.8  rad/sec^.  This 
corresponds  to  maximum  rolling  moments  of  17,100  and  20,600  ft-lb, 
respectively,  when  referred  to  the  X-19  airplane.  The  original 
design  roll  control  moment  for  the  X-19  was  specified  at  13,000 
ft-lb,  yielding  an  available  roll  acceleration  of  1.14  rad/sec^. 

The  need  for  higher  roll  power  has  been  evidenced  with  jet-lift 
VTOL's  during  lateral  maneuvering  at  low  airspeeds,  and  appears  to 
be  a  function  of  the  airplane's  roll  response  to  lateral  velocity 
at  large  sideslip  angles. 

Data  obtained  by  NASA  Ames  with  the  X-14A  vehicle  maneuvering  in 
the  speed  range  from  zero  to  40  knots  resulted  in  their  recommend¬ 
ing  maximum  roll  acceleration  capability  of  1.8  rad/sec^  for  nor¬ 
mal  operation  of  fighter  type  aircraft.  This  Ames  proposal  seems 
to  have  merit  considering  recent  incidents  with  several  of  the 
jet-lift  vehicles  which  many  investigators  attribute,  in  part,  to 
their  low  roll  control  powers. 
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Although  the  X-19  differs  from  most  jet-lift  VIOL  types  by  virtue 
of  having  positive  dihedral  effect,  it  appeared  desirable  to 
provide  X-19  with  a  roll  acceleration  capability  of  about  1.8 
rad/sec^  at  low  speeds  pending  sufficient  operational  flight  ex¬ 
perience.  In  addition,  the  aircraft  would  be  capable  of  hover'ng 
in  90  degree  cross  winds  of  35  knots. 


On  the  above  basis  it  was  decided  to  specify  a  maximum  roll  con¬ 
trol  power  of  20,000  ft.  lb.,  yielding  a  maximum  coll  acceleration 
of  1.75  rad/sec2  for  a  12,300  lb.  airplane. 

The  lateral  translational  speed  capability,  based  on  the  'slue  c f 
the  derivative  Ly  obtained  from  early  flight  test  data,  was 
estimated  to  be  accomplished  with  approximately  75%  :•£  full  roll 
control.  Later  flight  test  data  revealed  however  that  U,  was 
somewhat  higher  than  the  earlier  results  had  indicated,  with  the 
result  that  full  roll  control  was  required  to  reach  35  knots 
lateral  velocity  (with  the  roll  SAS  off).  With  the  roll  SAS  on, 
the  lateral  velocity  capability  is  further  reduced. 


b.  Yaw  Control 

The  X-19's  low  hover  yaw  control  power  of  0.12  radians/sec^  has 
been  the  subject  of  discussion  since  the  design  was  first  con¬ 
ceived.  The  argument  that  the  aircraft  is  unresponsive  in  yaw  to 
external  disturbances  (i.e.  Nv  ~  o)  and  thus  requires  little 
control  power  to  maintain  a  particular  heading  does  have  merit; 
but  nevertheless,  precise  pilot  commanded  heading  changes  are 
difficult  to  effect.  This  is  due  to  the  low  yaw  damping  as  well 
as  the  low  control  power.  The  time  constant  in  yaw  (inertia/ 
damping)  is  on  the  order  of  14  seconds,  thus  giving  an  accelera¬ 
tion  control  rather  than  the  preferred  rate  control.  No 
problems  arose  during  flight  testing  that  could  be  attributed 
to  the  above  deficiencies.  It  is  recognized,  however,  that 
most  of  the  flight  testing  was  conducted  under  favorable  calm 
air  weather  conditions. 


While  retaining  the  same  tandem  configuration  there  are  a  number 
of  ways  in  which  to  improve  the  yaw  control  system.  However, 
rone  of  these  measures  had  been  enacted  at  the  time  of  the  proj¬ 
ect  termination.  They  are:, 

(1)  Increase  propeller  blade  angle  excursions  at  the  expense 
of  running  high  powers  on  the  nacelle  gear-boxes.  (Very 
limited  improvement) 

(2)  Increase  forward  and  aft  nacelle  "toe-in-'  at  the  expense 
of  some  lift  loss  and  the  necessity  for  a  new  transition 
tilt  schedule.  (Very  limited  improvement) . 
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(j)  Provide  differential  fore  «.r< I  aft  tilting  ef  ;hi_  port  a.d 
starboard  propellers.  This  treihoa  seems  promising  ^nd  the 
numerous  analyses  conducted  confirmed  that  it  is  a  icasthle 
solution.  It  is  indeed  the  oniy  one  which  would  comply 
with  the  yaw  angular  displacement  requirement  of  AGARD  408 
and  possibly  that  of  MIL-K-8501A. 

(4)  Install  a  yaw  damper.  This  would  result  m:  a  lower  time 
constant  in  yaw  (the  desirable  rate  control  system)  as  well 
as  compliance  with  the  yaw  damping  requirement  of 
AGARD  408  and  MIL-H-8501'.  The  additioz;  or  some  form  of 
yaw  damper  to  the  existi  g  system  (C.P.  =  .if:  tad/sec^) 
would  afford  some  improvement  but  a  control  power  increase 
as  well  is  highly  desirable. 

Height  Control 

With  the  original  X-19  height  control  system,  propeller  thrust 
response  to  power  lever  commands  was  quite  slow..  This  resulted 
in  pilot  induced  aircraft  height  oscillations  during  one  partic¬ 
ular  flight.-  However,  it  never  did  produce  overly  adverse  pilot 
criticism.  The  slow  response  was  a  result  of  the  thrust  being 
developed  downstream  of  the  significant  time  lag  caused  by  the 
engine  propeller  dynamics..  Specifically,  a  power  lever  command 
resulted  in  the  following  sequence  of  events: 

(1)  A  change  in  gas  producer  speed, 

(2)  A  change  in  engine  torque, 

(3)  A  charge  in  propeller  speed, 

(4)  A  change  in  propeller  blade  angle  (and  hence  thrust)  through 

the  propeller  speed  governor. 

The  objective  of  the  modified  system  was  to  provide  faster  thrust 
response  with  a  minimum  of  modification.  This  was  achieved  by 
introducing  an  appropriate  power  lever  signal  downstream  of  the 
engine-propeller  lag,  namely  at  the  input  to  the  propeller  speed 
governor.  This  signal  is  in  addition  to  the  already  existing 
command  to  the  engine.  This  addition  to  the  system  was  called 
an  "anticipator". 

A  comprehensive  fixed  base  analog  simulation  was  performed,  both 
open  and  closed  loop,  to  determine  the  optimum  characteristics 
of  the  anticipator  and  hence  the  whole  height  control  system. 

The  optimum  anticipator  transfer  function  was  determined  as: 

EM  _  V _ 

e(S)  3  +  :/T 
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t  ’  a  the  ar.t.cipator  wash-out  time  constant,;  The  value  of  ~ 
governs  tne  -at?  at  winch  the  anticipator  signal  is  "washed-cut" 
as  a  function  of  *.  irr.e. 

The  cot iq;um  values  for  tnese  parameters  were  found  to  be: 

•’q  =  35  r  ,p  ,m, /deg.-  and  r  -  '‘.,5  sec.  Figuta  17?  shovj  a  con- 

r.-arisop.  between  thrust  response  to  a  step  power  lever  input  for 
t  e  modified’  system  with  the  above  values  of  .  r  ,  ard  for 
U-e  original  ‘ystem,  Upon  observation  of  the  thrus?  response 
wt"  thcce  anticipator  settings,  one  :nav  query  the  reason  for  the 
large  overshoot  and  t:.c-  relatively  poor  damping.  It  is  empha¬ 
sised  that  this  system  was  described  as  "optimum'1  by  three 
e>.per •  enced  evaluation  pilots  on  the  flight  simulator,.  The  hard¬ 
ware  item  however  included  the  provision  for  independent  adjust- 
meat  of  the  two  prrancters. 

Unfortunately,  it  is  not  known  how  precisely  the  flight  hardware 
item  duplicated  the  desired  characteristics. 

The  available  data  indicated  that  the  modified  system  had  the 
desired  characteristic,  see  flight  test  results  section  12. 


d.  Miscellaneous 

It  is  mentioned  briefly  that  during  the  course  of  flight  testing 
the  control  stick  breakout  forces  were  changed  on  a  number  of 
occasions  at  the  pilot's  request.  These  changes  were  felt  to  be 
a  part  of  the  pilot's  learning  processes  in  the  airplane  and  not 
necessarily  because  of  initial  deficiencies. 

8.  PROPELLER  POWER  PENALTIES  DUE  TO  CONTROL  INPUT  DEVIATIONS 

A  considerable  effort  was  expended  in  the  area  of  propeller  controls  and 
alignment.  Several  tests  were  run  in  the  tie-down  rig  to  establish 
rigging  and  alignment  procedures.  The  final  technique  which  evolved  re¬ 
sulted  in  alignments  between  the  coordinator,  nacelle  gain  changer,  and 
propeller,  to  be  accomplished  at  the  cruise  tilt  angle.  The  reason  for 
this  was  that  nacelle  gain  is  large  at  the  cruise  tilt  angle,  see  Figure 
168.  Therefore  any  alignment  error  introduced  at  this  point  would  be 
diminished  at  the  higher  tilt  angles.: 
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Alignment  tests  fell  into  two  categories.  Those  involving  control  deflec¬ 
tions,  and  those  involving  linkage  at  neutral  control  position.  In  gen¬ 
eral,  the  tests  involving  r  vitrol  deflections  indicated  few  problems. 

The  propel ler-to-stick  gearing  was  relatively  close  to  that  required,  at 
all  of  the  tilt  angles  tested.  In  cruise,  it  was  found  that  control  de¬ 
flections  induced  no  propeller  blade  angle  -changes,  thus  indicating  the 
proper  phaseout  of  the  propeller.  There  were  indications  of  small  amounts 
of  sticking  which  appeared  as  scatter  in  the  results.;  However,  the  normal 
vibrations  of  the  aircraft  in  operation  presumably  eliminated  this  char¬ 
acteristic,  as  the  pilot  always  had  response  to  small  stick  deflections. 

The  second  part  of  the  testing  appeared  to  yield  less  satisfactory  results. 
This  testing  consisted  of  determining  the  absolute  blade  angle  on  each  pro¬ 
peller  for  neutral  stick  position  as  a  function  of  tilt  angle.  The  require¬ 
ments  are  that  the  two  front  and  the  two  rear  blade  angles  of  the  propeller 
always  be  equal  in  magnitude.  However,  the  difference  between  the  front 
and  rear  propeller  blade  angles  must  equal  the  auto-trim  schedule  shown 
in  Figure  214.  It  was  found  that  the  auto-trim  schedule  was  reasonably 
close  at  the  hieb  tilt  angles,  and  was  generally  too  negative  at  tilt 
angles  below  (?p  =  40°,  It  was  shown  that  this  was  the  result  of  the 
nacelle  gain  change  linkage  deviating  from  the  design  schedule  shown  in 
Figure  168.  This  would  have  introduced  some  nose  down  moment.  However, 
it  would  not  have  been  a  control  problem  as  the  moment  would  have  been 
small.  Also,  this  was  correctable  through  the  use  of  the  pilot  manual 
trim  button.  It  would  however  have  represented  a  torque  imbalance  in  the 
cruise  mode,  requiring  corrective  action  by  the  pilot,  again  through  use 
of  the  pilot  manual  trim  button. 

This  test  also  indicated  that  left  and  right  side  propeller  blade 
angles  were  not  symmetrical.  At  the  high  tilt  angles  this  was  a  small 
effect.  However  the  lateral  deviation  of  blade  angle  grew  as  cruise  tilt 
angle  was  approached.  There  was  always  a  question  as  to  how  large  this 
deviation  was.  The  test  was  accomplished  without  the  benefit  of  normal 
aircraft  vibration.  It  was  felt  that  some  of  the  rough  points  would  be 
washed  out  under  flight  conditions.  However,  the  general  trend  could 
not  be  overlooked.  For  this  reason,  the  lateral  trim  devices  were 
installed.  These  permitted  the  pilot  to  adjust  lateral  blade  angle  de¬ 
viations  by  monitoring  a  differential  torque  indicator.  Once  again,  it 
appeared  that  the  nacelle  gain  changer  might  be  at  fault.  Some  studies 
had  been  initiated  to  establish  the  alignment  restrictions  upon  the  gain 
linkage.  It  was  felt  that  a  large  portion  of  this  problem  could  be 
eliminated  through  more  careful  alignment  procedures  in  this  mechanism. 


The  significance  of  these  problems  can  be  reasonably  demonstrated.  First 
of  all  there  appeared  to  be  few  problems  associated  with  the  control 
deflections.  As  the  tested  excursions  were  close  to  the  design  schedule, 
one  did  not  anticipate  unusual  deviations  from  the  control  power  or  the 
loads  throughout  the  system. 
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The  lateral  deviation  does  not  represent  much  of  a  problem  at  the  high 
tilt  angles  either,  for  the  following  reason.  Any  lateral  deviation 
which  might  exist  would  have  been  ■'ensed  by  the  pilot  as  a  moment  about 
the  center  of  gravity.  Consequei.  he  would  correct  the  motion  through 
a  stick  deviation.  Thus  the  effect  of  either  a  lateral  or  longitudinal 
f auto-trim)  deviation  is  to  shift  the  stick  and  pedals  from  their  pre¬ 
determined  position.  The  loads  throughout  would  then  be  consistent  with 
tho  pr  ?di  Jt«  j  -  'au  :  Tf  for  some  reason  the  pilot  requires  a  full  stick 

or  pedal  defies  Uun,  it  is  possible  the  control  moment  would  differ  from 
the  pi  esc-,  .bed  value  by  the  initial  stick  deviation.  It  is  conceivable 
that  deviations  in  the  loads  could  result  from  this.  However,  in  the 
flying  accomplished  throughout  the  program,  it  was  found  that  little 
stick  or  pedal  deviation  actually  occurred  about  an  equilibrium  position. 
As  this  was  the  case,  from  hover  to  about  0p  =  60°,  it  can  be  concluded 
that  alignment  problems  in  this  regime  were  of  small  proportions. 

The  region  from  about  (Jp  =  50°  down  to  cruise  was  the  one  which  generated 
the  most  concern  with  respect  to  the  control  system  deviation.  As  the 
aircraft  did  not  fly  in  this  regime  one  cannot  discuss  "actual  problems." 
Instead  some  c  >mments  will  be  made  concerning  what  the  problems  might 
have  been.  It  was  pointed  out  that  lateral  and  longitudinal  deviations 
in  blade  angle  grew  as  the  tilt  angle  approached  cruise.  It  was  further 
pointed  out  that  the  pilot  had  available  a  lateral  and  longitudinal  trim 
device  for  use  in  eliminating  the  uncalled  for  moments.  The  policy  for¬ 
mulated  for  flight  in  this  regime  was  to  approach  cautiously,  so  as  not 
to  be  caught  unaware  by  an  upsetting  moment.  This  was  a  conservative 
approach,  inasmuch  as  the  upsetting  moments  at  the  low  tilt  angles  are 
small.  In  cruise  the  pitch  and  roll  moments  are  essentially  zero. 

Of  greater  concern  was  the  torque  distribution.  It  was  recognized  that 
the  pilot  would  concentrate  on  controlling  his  flight  path.  The  torque 
distribution  would  fall  out  as  required,  in  order  to  meet  this  require¬ 
ment.  As  the  tilt  angle  approaches  cruise,  it  was  found  chat  blade 
angle  deviations  on  the  order  of  two  degrees  might  be  expected.  This 
was  found  from  tie-down  rig  tests. 

What  this  means  in  torque  is  as  follows:  Assume  that  one  of  the  propel¬ 
lers  is  two  degrees  higher  in  blade  angle  than  the  others.  At  interme¬ 
diate  cruise  speeds,  a  propeller  absorbs  about  300  horsepower  per  degree 
of  blade  angle.  Assume  further  that  the  cruise  condition  requires  a 
total  of  1600  shaft  horsepower.  If  properly  aligned, each  propeller  would 
absorb  400  horsepower.  In  this  case  however,  the  off  propeller  would 
want  to  absorb  1000  horsepower.  This  cannot  exist  as  the  aerodynamic 
torque  would  be  greater  than  the  engine  torque.  The  system  would  slow 
down,  triggering  the  governor  circuit,  and  the  collective  blade  angle 
would  be  decreased  sufficiently  to  make  the  aerodynamic,  torque  equal  to 
1600  horsepower  at  the  governed  R.P.M.,  In  this  case  the  final  distribu¬ 
tion  of  torque  would  consist  of  three  propellers  at  230  horsepower  and 
the  overloadeu  propeller  at  850  horsepower.  For  this  particular  align¬ 
ment,  the  governor  assures  that  the  overloaded  propeller  absorbs  three- 
fourths,  rather  than  all  of  the  blade  angle  overload. 
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It  is  for  number^  of  this  order  that  the  longitudinal  and  lateral  trim 
switches  were  installed.  The  pilot  is  required  to  monitor  his  torque 
distribution  instruments.  By  proper  manipulation  of  the  trim  switches  he 
can  equalize  the  torque  distribution  and  preserve  the  life  of  the  trans¬ 
mission  components. 

The  major  problem  therefore,  was  that  of  torque  distribution.  The  con¬ 
tinued  efforts  to  solve  the  nacelle  gain  change  alignments  would  have 
eliminated  any  concern  for  the  control  problem.  Until  that  solution  was 
obtained  however,  the  pilot  would  have  been  obligated  to  closely  monitor 
his  instruments  for  torque  equalization. 
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